1. Introduction {#sec1}
===============

Superoxide, O~2~^•--^, is formed in all living organisms that come in contact with air, and, depending upon its biological context, it may act as a signaling agent, a toxic species, or a harmless intermediate that decomposes spontaneously. Its levels are limited in vivo by two different types of enzymes, superoxide reductase (SOR) and superoxide dismutase (SOD). Although superoxide has long been an important factor in evolution, it was not so when life first emerged on Earth at least 3.5 billion years ago. At that time, the early biosphere was highly reducing and lacking in any significant concentrations of dioxygen (O~2~), very different from what it is today. Consequently, there was little or no O~2~^•--^ and therefore no reason for SOR or SOD enzymes to evolve. Instead, the history of biological O~2~^•--^ probably commences somewhere around 2.4 billion years ago, when the biosphere started to experience what has been termed the "Great Oxidation Event", a transformation driven by the increase in O~2~ levels, formed by cyanobacteria as a product of oxygenic photosynthesis.^[@ref1]^ The rise of O~2~ on Earth caused a reshaping of existing metabolic pathways, and it triggered the development of new ones.^[@ref2]^ Its appearance led to the formation of the so-called "reactive oxygen species" (ROS), for example, superoxide, hydrogen peroxide, and hydroxyl radical, and to a need for antioxidant enzymes and other antioxidant systems to protect against the growing levels of oxidative damage to living systems.

Dioxygen is a powerful four-electron oxidizing agent, and the product of this reduction is water.When O~2~ is reduced in four sequential one-electron steps, the intermediates formed are the three major ROS, that is, O~2~^•--^, H~2~O~2~, and HO^•^.

Each of these intermediates is a potent oxidizing agent. The consequences of their presence to early life must have been an enormous evolutionary challenge. In the case of superoxide, we find the SOD and SOR enzymes to be widely distributed throughout current living organisms, both aerobic and anaerobic, suggesting that, from the start of the rise of O~2~ on Earth, the chemistry of superoxide has been an important factor during evolution.

The SORs and three very different types of SOD enzymes are redox-active metalloenzymes that have evolved entirely independently from one another for the purpose of lowering superoxide concentrations. SORs catalyze the one-electron reduction of O~2~^•--^ to give H~2~O~2~, a reaction requiring two protons per superoxide reacted as well as an external reductant to provide the electron (eq [6](#eq6){ref-type="disp-formula"}). SODs catalyze the disproportionation of superoxide to give O~2~ and H~2~O~2~, a reaction requiring one proton per superoxide reacted, but no external reductant (eq [7](#eq7){ref-type="disp-formula"}).

All of the SOR enzymes contain only iron, while the three types of SODs are the nickel-containing SODs (NiSOD), the iron- or manganese-containing SODs (FeSOD and MnSOD), and the copper- and zinc-containing SODs (CuZnSOD). Although the structures and other properties of these four types of metalloenzymes are quite different, they all share several characteristics, including the ability to react rapidly and selectively with the small anionic substrate O~2~^•--^. Consequently, there are some striking similarities between these otherwise dissimilar enzymes, many of which can be explained by considering the nature of the chemical reactivity of O~2~^•--^ (see below).

Numerous valuable reviews describing the SOD and SOR enzymes have appeared over the years, but few have covered and compared all four classes of these enzymes, as we attempt to do here. Thus, the purpose of this Review is to describe, compare, and contrast the properties of the SOR and the four SOD enzymes; to summarize what is known about their evolutionary pathways; and to analyze the properties of these enzymes in light of what is known of the inherent chemical reactivity of superoxide.

2. Superoxide and the Enzymes That Control It {#sec2}
=============================================

2.1. Superoxide and Hydroperoxyl {#sec2.1}
--------------------------------

Dioxygen is a powerful four-electron oxidant, but most of its oxidizing capability is released only after the third electron is added, that is, when the O--O bond breaks and hydroxyl radical is formed, as can be seen from the reduction potentials in Table [1](#tbl1){ref-type="other"}.

###### Standard Reduction Potential of Dioxygen Species in Water, pH 7, 25 °C^[@ref3]^

  reaction   *E*° (V) vs NHE[a](#t1fn1){ref-type="table-fn"}
  ---------- -------------------------------------------------
             --0.18[b](#t1fn2){ref-type="table-fn"}
             +0.91
             +0.39
             +2.31
             +0.28[b](#t1fn2){ref-type="table-fn"}
             +1.35
             +0.81[b](#t1fn2){ref-type="table-fn"}

Normal hydrogen electrode = NHE.

The standard state used here is unit pressure.

Superoxide, O~2~^•--^, is a relatively small anion, highly soluble in water, where it is strongly solvated by four tightly hydrogen-bonded water molecules.^[@ref4]^ Hydroperoxyl, HO~2~, the protonated form of superoxide, is a weak acid with a p*K*~a~ of 4.8, similar to that of acetic acid. Therefore, the predominant species present in aqueous solutions of superoxide at pH 7 is the small O~2~^•--^ anion itself along with its strongly associated four water molecules. This species is the substrate for the SOD and SOR enzymes. Superoxide absorbs light in the ultraviolet range with a maximum at 245 nm and extinction coefficient of 2350 M^--1^ cm^--1^, while hydroperoxyl absorbs at 225 nm with an extinction coefficient of 1400 M^--1^ cm^--1^.^[@ref5]^

O~2~^•--^ and HO~2~ are both kinetically competent one-electron reductants in a wide variety of reactions, but for most reactions only HO~2~, and not O~2~^•--^, is a kinetically competent one-electron oxidant because of the need for either a proton or a coordinated metal ion to stabilize the peroxide dianion, O~2~^2--^, as it is formed. These principles are illustrated quite clearly by the pH-dependence for the spontaneous disproportionation of superoxide (Figure [1](#fig1){ref-type="fig"}). At very low pH, the predominant species is HO~2~, an uncharged species, which acts both as a reductant and as an oxidant:At very high pH, the predominant species is O~2~^•--^ itself, and it is quite stable under these conditions. The two superoxide anions repel each other and naked O~2~^2--^ is unstable, so the disproportionation reaction does not proceed at all:The disproportionation reaction is fastest at pH = p*K*~a~ = 4.8, where the concentrations of HO~2~ and O~2~^•--^ are equal, the former acting as oxidant and the latter as a reductant:

![The rate constants of superoxide self-disproportionation (◆) and disproportionation catalyzed by human CuZnSOD as a function of pH (●) are shown for comparison.](cr-2013-005296_0013){#fig1}

The requirement for a proton to stabilize the O~2~^2--^ as it is formed is clearly seen in the failure of O~2~^•--^ to oxidize most organic substrates, including peptides, nucleic acids, lipids, and carbohydrates, at rates competitive with superoxide disproportionation in aqueous solution.^[@ref5]^ The exceptions are substrates such as ascorbate^[@ref6]^ or hydroquinone,^[@ref7]^ which have hydrogen atoms available for proton-coupled electron transfer reactions, thus providing a kinetic pathway for fast oxidation of the substrate:

In addition to protons, metal ions can also be used to stabilize O~2~^2--^ as it is formed, and there are several examples of rapid oxidative addition reactions in which O~2~^•--^ enters the first coordination sphere of a reduced metal ion such as Fe^2+^ or Mn^2+^ and oxidizes it to form a peroxo complex of the oxidized metal ion (eq [12](#eq12){ref-type="disp-formula"}).^[@ref8]^ This inner-sphere oxidative addition reaction has been observed in SORs (section [7](#sec7){ref-type="other"}) and in MnSOD (section [4](#sec4){ref-type="other"}), and it may also be occurring in some of the other SODs (sections [3](#sec3){ref-type="other"}--[6](#sec6){ref-type="other"}). In aqueous solution, the peroxo ligand may subsequently be protonated and dissociate, and the final product will be the oxidized metal complex plus H~2~O~2~ (eq [12](#eq12){ref-type="disp-formula"}). In this case, the reduction to peroxide can occur in a separate step from protonation, thus providing a two-step kinetic pathway enabling fast oxidation of metal ions and complexes by O~2~^•--^.

2.2. Rise of Dioxygen, Superoxide, and Oxidative Stress on Earth {#sec2.2}
----------------------------------------------------------------

When life first arose on Earth, the oceans and the land were highly reducing. Thus, the redox metals that were present within minerals existed almost entirely in their reduced states, and sulfur existed predominantly as sulfides.^[@ref9]^ The atmosphere was anoxic, consisting largely of CO~2~ and water vapor, with smaller amounts of N~2~, H~2~, and CH~4~, and with O~2~ concentrations estimated to be about 10^--5^ of what they are now.^[@ref10]^ In such an environment, oxidative stress due to O~2~ and ROS was irrelevant to early life. Even when early organisms acquired the ability to harness the energy of light in photosynthesis, the earliest biological photosynthetic reactions were nonoxygenic, using sources of reducing equivalents other than water, and the atmosphere continued to be anoxic.

The atmosphere and the surface composition of the Earth were transformed dramatically about 2.4--2.0 billion years ago in the Great Oxidation Event as a direct consequence of oxygenic photosynthesis in cyanobacteria.^[@ref11]^ Oxygenic photosynthesis makes use of water molecules as a source of the reducing equivalents needed to reduce carbon dioxide, and O~2~ is produced as a byproduct that is highly toxic even to the cyanobacteria that form it. O~2~ concentrations from oxygenic photosynthesis rose slowly and unevenly during the Great Oxidation Event, first generating small "oxygen oases" in the oceans^[@ref12]^ and only much later accumulating in the atmosphere. The surface of the Earth and minerals dissolved in the oceans contained many highly reduced inorganic minerals, and oxidation of these, for example, oxidation of Fe^2+^ to Fe^3+^ and sulfide to sulfate, consumed much of the O~2~ produced early on, but ultimately O~2~ gas began to accumulate in the atmosphere.

Living organisms need sources of energy, and the first forms of energy available to early anaerobic life were derived from chemical and photochemical reactions of the wide variety of electron donors and electron acceptors on the surface of the Earth; one of the most abundant electron donors available was Fe^2+^.^[@ref11],[@ref13]^ Thus, early anaerobic iron-oxidizing bacteria may have produced significant amounts of Fe^3+^ prior to the buildup of O~2~ in the atmosphere.^[@ref14]^ Abiotic photochemistry also expanded the range of reduction potentials that would have been encountered by early life. For example, photochemically driven oxidation of Fe^2+^-containing minerals such as siderite, FeCO~3~, may have caused production of Fe^3+^-containing minerals and H~2~, without any involvement from living organisms.^[@ref15]^ Conversion of Fe^2+^ to Fe^3+^ on the Earth's surface prior to the Great Oxidation Event^[@ref16]^ may be responsible for one of the earliest forms of biological oxidative stress. Not only would readily soluble forms of Fe^2+^ have been converted to insoluble ferric oxyhydroxides, from which microbes would not be able to obtain the iron they needed, but an additional threat would be posed by the fact that the ferric ion, even in a relatively insoluble form, is an inherently strong oxidant and, in the wrong place in an electron-rich, highly reducing world, would have presented an oxidative threat to living organisms.

There is good reason to believe that early organisms may have begun to adapt to intermittent low levels or "whiffs" of O~2~, generated either biologically or abiologically prior to the Great Oxidation Event, even though the atmosphere remained largely anoxic.^[@ref12],[@ref17]^ One possible abiotic source of early O~2~ is H~2~O~2~ formed by the action of ultraviolet radiation on the surface of ice. Photolysis of H~2~O by high-energy ultraviolet radiation causes homolysis to HO^•^ and H^•^, which recombine to give H~2~O, H~2~O~2~, and H~2~. When this occurs on the surface of ice, at temperatures below the freezing point of water, H~2~ escapes leaving the H~2~O~2~ to accumulate and freeze with the ice. Evidence that this phenomenon has occurred in modern times comes from seasonal variations in H~2~O~2~ content in ice cores from Antarctica consistent with formation of H~2~O~2~ in the ice at the times when the ozone hole allows high-energy ultraviolet radiation from the sun to shine on the Antarctic ice fields.^[@ref18]^

Possible further evidence for the early presence of H~2~O~2~ and O~2~ comes from analysis of the evolutionary history of two enzymes. Manganese catalase, whose substrate is H~2~O~2~, is a particularly ancient enzyme, which is known to have evolved well before the atmosphere of Earth contained significant amounts of O~2~.^[@ref19]^ Catalase-catalyzed decomposition of such H~2~O~2~ thus seems a likely source for the O~2~ that appeared prior to oxygenic photosynthesis. Additional support comes from the proposal that dioxygen reductases related to cytochrome *c* oxidase, which catalyzes the four-electron reduction of O~2~ to water, also appeared before the Great Oxidation Event.^[@ref20]^

We can infer the types of challenges faced by the earliest anaerobic organisms by studying reactions of O~2~ and ROS in modern anaerobic bacteria, but this model should be applied with caution. Many anaerobes (if not all) have been found to contain antioxidant enzymes,^[@ref21]^ and even membrane-associated O~2~ reductases, suggesting that some of these anaerobes may have evolved from aerobes and that the presence of significant concentrations of O~2~ in the atmosphere of modern Earth has played a role in the evolution of modern organisms, even those that cannot now survive in its presence. It is thus likely that early life was even more susceptible to damage by O~2~ and ROS than modern strict anaerobes. The organisms that survived the rise of O~2~ must have hidden in niches where O~2~ was low or found the means to defend themselves against it. Early forms of life that we cannot even imagine may have become extinct.

Discussions of biological oxidative stress tend to focus primarily on the ROS that are formed by reduction of O~2~, but it is important to appreciate that direct reactions of O~2~ itself can be very damaging in vivo. For example, a striking feature of anaerobic bacteria is the widespread use of radical enzymes to catalyze key metabolic steps.^[@ref22]^ Such enzymes occur much less frequently in aerobic organisms, and it is easy to see why when we consider the stabilities of the radical intermediates. The glycyl radical is relatively stable in the absence of O~2~ due to the delocalization of the unpaired electron over the peptide bond. However, in the presence of O~2~, such intermediates are rapidly and irreversibly inactivated by reaction of the carbon radical center with O~2~ (Scheme [1](#sch1){ref-type="scheme"}).

![Reaction of a Glycyl Radical Enzyme Intermediate with O~2~](cr-2013-005296_0056){#sch1}

Another class of sites that is particularly vulnerable to irreversible reactions with O~2~ is solvent-exposed low-potential metal sites in metalloenzymes.^[@cit21b]^ Solvent-exposed iron--sulfur clusters, for example, are particularly labile, reacting irreversibly not only with superoxide (see below) but also with hydrogen peroxide^[@ref23]^ and with O~2~ itself.^[@ref24]^

The membranes of early organisms may also have been highly susceptible to direct reactions with O~2~, particularly if they contained unsaturated fatty acids and no lipid-soluble antioxidant molecules to protect them. This vulnerability is heightened by the fact that O~2~ is more soluble in the nonpolar environment of the membrane interior than in the aqueous environment of the cell.^[@ref25]^ Unsaturated lipids are extremely susceptible to free radical autoxidation via a radical chain mechanism unless a chain-breaking antioxidant molecule, such as α-tocopherol, is present to trap the peroxy radical intermediates.^[@ref26]^

Even if an early anaerobic organism were somehow able to survive damage due to direct reactions of intracellular O~2~ with vulnerable components, it would still have to contend with intracellular superoxide. All living cells, whether aerobic or anaerobic, contain components such as reduced flavins^[@ref27]^ that are both highly reducing and capable of reacting rapidly with O~2~ to produce superoxide. Although its reactivity pattern is entirely different from that of O~2~, superoxide can also react with and damage vulnerable components of the cell.

Superoxide has the thermodynamic capacity to be a strong oxidant, but it is generally not reactive with common components of cells such as peptides, carbohydrates, nucleic acids, or lipids and thus is not an indiscriminant "super" oxidant.^[@ref28]^ Discovery of the chemical reactions responsible for its toxicity was due in large part to the observation by Touati and co-workers^[@ref29]^ that *Escherichia coli* (*E. coli*) bacteria engineered to contain no SOD genes were incapable of synthesizing adequate amounts of branched-chain, aromatic, and sulfur-containing amino acids due to inactivation of biosynthetic enzymes containing labile iron--sulfur clusters at their active sites. These same enzymes had earlier been observed by Brown and co-workers to be inactivated by hyperbaric O~2~ in wild-type *E. coli*([@ref30]) (reviewed in ref ([@ref27])). Further work demonstrated many examples of labile iron--sulfur clusters in their reduced states that were oxidized rapidly and irreversibly by reaction with superoxide.^[@ref31]^ Labile iron--sulfur containing species are widespread among organisms, and they appear to be major targets of superoxide. Other superoxide-sensitive entities have also been proposed, and it is likely that other targets remain to be discovered.^[@ref27]^ Thus, superoxide is a selective oxidant, relatively unreactive with most components of cells, but highly reactive with some essential sites and therefore highly toxic.

It is interesting to speculate about what characteristics of ancient cells would make them more or less likely to survive initial exposures to O~2~. One possibility is that some early cells acquired the ability to carry out reduction of extracellular substrates such as insoluble ferric oxyhydroxides, analogous to modern iron-reducing bacteria, and there is considerable evidence suggesting that the ability to reduce extracellular Fe^3+^ appeared very early and was widespread in ancient organisms.^[@ref32]^ The systems that carried out extracellular one-electron reduction of Fe^3+^ to Fe^2+^ are highly likely to have been able to reduce O~2~ efficiently to superoxide. A common example of such a system in modern organisms is the NADPH oxidase family of enzymes, many of which are known to reside in cellular membranes and function either to produce extracellular superoxide or to reduce extracellular Fe^3+^ to Fe^2+^ or Cu^2+^ to Cu^1+^.^[@ref33]^ The ability to reduce extracellular O~2~ to O~2~^•--^ seems to be widespread among living cells,^[@ref34]^ and this extracellular reaction may have provided significant protection to some of the earliest forms of life because the hydrophilic O~2~^•--^ anion, unlike the hydrophobic O~2~ molecule, would not pass readily through membranes to the interior of the cell. Thus, reducing O~2~ to O~2~^•--^ outside of the cell would exclude O~2~ from entering and reacting directly with intracellular components of the cell and also prevent intracellular generation of O~2~^•--^.

As O~2~ concentrations rose in the atmosphere, this mechanism to exclude it from the interior of cells would no longer have been sufficient, and antioxidant systems would have been required within cells to protect them from O~2~ and O~2~^•--^. The earliest of such intracellular antioxidant systems were probably reductive in nature: SOR enzymes, for example, which reduce O~2~^•--^ to H~2~O~2~, and peroxidases, which reduce H~2~O~2~ to water at the expense of other reduced substrates.^[@ref35]^ Thus, O~2~ may have been excluded from cells by reduction to extracellular O~2~^•--^ or, when it did enter cells, detoxified by sequential reduction of O~2~ to O~2~^•--^ and then to H~2~O~2~ and finally to water. An advantage to anaerobic organisms of these reductive antioxidant enzymes is that, unlike SOD and catalase, O~2~ is not a product of their reactions. Moreover, electrons, which readily react with O~2~ and form O~2~^•--^, are consumed by SOR reactions, limiting the production of superoxide in cells.

To deal with rising levels of O~2~, a direct strategy is to reduce it by four electrons all the way to water; this process may have been catalyzed early on by the widespread cytoplasmic flavodiiron proteins,^[@ref36]^ which perform this reaction with turnovers almost identical to those of the "canonical" membrane attached heme--copper or cytochrome *bd* oxygen reductases. Interestingly, cyanobacteria, the first organisms to have oxygenic photosystems and for which O~2~ is a toxic byproduct, are particularly rich in those enzymes.^[@cit36b],[@ref37]^

Another strategy to control levels of O~2~^•--^ and H~2~O~2~ is to catalyze their disproportionation using SOD and catalase enzymes. No external sources of reducing equivalents are needed for the reactions catalyzed by these enzymes, and O~2~^•--^ and H~2~O~2~ are converted rapidly to O~2~ and water. The advantage of the disproportionation strategy is that no input of energy is required, and, probably for this reason, SOD enzymes overwhelmingly dominate the superoxide defense systems in aerobic organisms, as well as being found in many anaerobes, despite the fact that they generate toxic O~2~.

The rise of O~2~ on Earth was a major factor in the evolutionary history of SORs and SODs, not only because of increasing levels of biological oxidative stress but also because of changes in the availability of redox-active transition metal ions.^[@ref38]^ Prior to the Great Oxidation Event, Fe, Mn, and Ni ions were soluble and relatively abundant in the early reducing oceans, whereas Zn and Cu were tied up in insoluble sulfide-containing minerals in the crust.^[@ref39]^ As the oceans became more oxidizing, Fe was transformed into insoluble ferric oxyhydroxides, and Cu and Zn into much more soluble aquated ions.^[@ref39]^ Consistent with these changes in the bioavailability of metal ions and as described below in section [4](#sec4){ref-type="other"}, FeSOD is the most ancient of the SODs and probably first appeared when Fe was relatively abundant. MnSOD and NiSOD appeared later as iron-sparing strategies developed in response to diminishing availability of Fe. CuZnSOD, similar to other copper-containing enzymes,^[@ref40]^ arose later than the other SODs, after copper became bioavailable in the more oxidizing environment of Earth in the Cu^2+^ form. Even before FeSOD appeared, it is possible that inorganic Mn^2+^, which was soluble and relatively abundant in the early oceans, acted as a primordial SOD and/or catalase, providing some early protection against O~2~^•--^ and H~2~O~2~ toxicity by catalyzing the disproportionation of these ROS.^[@ref41]^

2.3. Enzymes That Catalyze Reactions of Superoxide {#sec2.3}
--------------------------------------------------

The distribution, subcellular location, and quarternary structures of SODs and SORs are summarized in Table [2](#tbl2){ref-type="other"}, and are quite diverse. NiSOD was discovered in the cytosol of *Streptomyces* and cyanobacteria,^[@ref42]^ as well as in a few green algae.^[@ref43]^ Although FeSOD was originally considered a cytosolic bacterial enzyme,^[@ref44]^ it is also present in archaea^[@ref45]^ and in the chloroplasts of plants,^[@ref46]^ as well as in the cytosol, glycosomes, and mitochondria of protists.^[@ref47]^ MnSOD was identified in the cytosol of archaea^[@ref48]^ and bacteria,^[@ref44]^ and eukaryotic cells typically contain MnSOD in the mitochondrial matrix. In many eukaryotic organisms, such as humans and *Saccharomyces cerevisiae*, MnSOD is located exclusively in the mitochondrial matrix, while in *Candida albicans*([@ref49]) and many crustaceans,^[@ref50]^ an additional isoform of MnSOD is present in the cytosol. Similarly, plant cells express additional MnSODs in their peroxisomes^[@ref51]^ and chloroplasts.^[@cit46a]^ Bacterial CuZnSOD is located in the periplasm.^[@ref52]^ In eukaryotic cells, CuZnSOD is primarily cytosolic but is also present in the mitochondrial intermembrane space and nucleus.^[@ref53]^ Plants also contain additional CuZnSODs in their chloroplasts^[@ref51]^ and peroxisomes,^[@ref51],[@ref54]^ and mammals^[@ref55]^ and many plants^[@ref51]^ secrete an extracellular isoform of CuZnSOD. SORs are present in all three domains of life, especially in anaerobic archaea and bacteria.^[@ref56]^ It was also identified in unicellular eukaryotes.^[@ref57]^ In general, it is assumed that they are cytoplasmic due to the absence of identified translocation signal peptides in their amino acid sequences. Nevertheless, there are already a few examples with putative twin arginine translocation motifs, which may indicate a periplasmic localization, but this must wait experimental confirmation.^[@ref58]^

###### Distribution, Location, and Quaternary Structure of SODs and SORs

                                                                   Archaea                                                                                       Bacteria                                                                                      Eukarya
  ---------------------------------------------------------------- --------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------
  NiSOD                                                            none                                                                                          cytosol (hexamer)                                                                             cytosol[a](#t2fn1){ref-type="table-fn"} (unknown)
  FeSOD                                                            cytosol (tetramer)                                                                            cytosol (dimer or tetramer)                                                                   cytosol, glycosomes, mitochondria[b](#t2fn2){ref-type="table-fn"} (tetramer[b](#t2fn2){ref-type="table-fn"})
  chloroplasts (dimer or tetramer)                                                                                                                                                                                                                             
  MnSOD                                                            cytosol (tetramer)                                                                            cytosol (dimer or tetramer)                                                                   mitochondrial matrix (tetramer)
  cytosol[c](#t2fn3){ref-type="table-fn"} (dimer)                                                                                                                                                                                                              
  peroxisomes (tetramer)                                                                                                                                                                                                                                       
  chloroplasts (unknown)                                                                                                                                                                                                                                       
  CuZnSOD                                                          genes identified in Methanobacteria[d](#t2fn4){ref-type="table-fn"}                           periplasm (monomer or dimer)                                                                  cytosol[c](#t2fn3){ref-type="table-fn"} (dimer)
  mitochondrial IMS, nucleus (dimer)                                                                                                                                                                                                                           
  chloroplasts, peroxisomes (dimer)                                                                                                                                                                                                                            
  extracellular space[e](#t2fn5){ref-type="table-fn"} (tetramer)                                                                                                                                                                                               
  SOR                                                              cytosol[f](#t2fn6){ref-type="table-fn"} (tetramer or dimer[g](#t2fn7){ref-type="table-fn"})   cytosol[f](#t2fn6){ref-type="table-fn"} (tetramer or dimer[g](#t2fn7){ref-type="table-fn"})   unknown (tetramer)

Eukaryotic NiSOD is found in the cytosol of some green algae.

FeSOD is found in protist *Tetrahymena pyriformis*.

Cytosolic MnSOD is found in *C. albicans* and many crustaceans, which also express a mitochondrial MnSOD.

The gene of CuZnSOD has been identified in two Methanobacteria, *Methanosarcina acetivorans* (Gene Access Number: NP_617328.1) and *Methanocella arvoryzae* (Gene Access Number: YP_684494.1).

Extracellular CuZnSOD is found in mammals and many plants.

The proposed cytosolic location of prokaryotic SORs comes from the absence of detectable translocation signal peptides in the translated amino acid sequences; there are, however (see section [7](#sec7){ref-type="other"}), a few sequences with putative twin-arginine signatures.

1Fe-SORs with a single catalytic domain are tetramers; SORs with an extra desulforedoxin-like domain, with or without the FeCys~4~ metal center, are homodimers.

The protein folds of the SODs and SORs have been elucidated and are correlated with the different roles and locations the enzymes serve (Table [2](#tbl2){ref-type="other"}). Crystal structures of NiSOD have been reported for two enzymes from *Streptomyces*, and they are both homohexamers.^[@ref42],[@ref59]^ Fe- and MnSOD exist in both the dimeric and the tetrameric forms: Bacterial Fe- and MnSOD are predominantly dimeric, although FeSOD from *Mycobacterium tuberculosis*([@ref51]) and MnSOD from *Thermus thermophilus*([@ref60]) have a tetrameric structure. Archaeal Fe- and MnSOD,^[@ref48],[@ref51],[@ref61]^ as well as an FeSOD isolated from a eukaryote, *Tetrahymena pyriformis*,^[@ref62]^ are reported to be tetrameric. Both homodimeric and homotetrameric FeSODs have been identified in plant species.^[@ref51]^ MnSOD located in the mitochondrial matrix^[@ref63]^ and peroxisomes^[@ref64]^ of eukaryotes is tetrameric, and the cytosolic forms were found to be dimeric.^[@ref50],[@ref65]^ In eukaryotic organisms, intracellular CuZnSOD is almost exclusively dimeric with the only exception thus far found in the monomeric isozyme IV from *Oryzae sativa* (rice),^[@ref54]^ and the extracellular isoform is homologous to intracellular CuZnSOD but is tetrameric.^[@ref54]^ Bacterial periplasmic CuZnSOD has either a monomeric or a dimeric structure;^[@ref66]^*E. coli* CuZnSOD is known to be monomeric,^[@ref67]^ while the enzymes from *Photobacterium leiognathi*,^[@ref68]^*Actinobacillus pleuropneumoniae*,^[@ref69]^ and *Salmonella typhimurium*([@ref70]) are dimers, albeit with distinct dimer interfaces and electrostatic recognition residues as compared to eukaryotic CuZnSOD.^[@cit68a]^

The quaternary structures of SORs appear to be related to their domain composition. So far, there are only experimental data on 1Fe- and 2Fe-SORs: if the N-terminal desulforedoxin-like domain is present, whether having the FeCys~4~ center or not, the enzymes are homodimeric; 1Fe-SORs with no extra domain besides the catalytic one are tetrameric^[@ref71]^ (see Figure [2](#fig2){ref-type="fig"}, section [7](#sec7){ref-type="other"}).

![Stereo ribbon diagrams of SODs and SORs: (A) CuZnSOD (PDB code: 1PU0); (B) NiSOD (PDB code: 1T6U); (C) MnSOD (PDB code: 3LSU); (D) FeSOD (PDB code: 3JS4); (E) *P. furiosus* 1Fe-SOR (PDB code: 1DO6); and (F) *D. desulfuricans* 2Fe-SOR (PDB code: 1DFX). The diagrams are colored by chains, and the metal ions are shown as spheres. The diagrams were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0014){#fig2}

With the exception of FeSOD and MnSOD, which are closely related, the overall structures of the SODs and SORs as well as their active site configurations (Figure [2](#fig2){ref-type="fig"}) are diverse and entirely unrelated to one another, consistent with the conclusion that these enzymes represent examples of convergent evolution. Nevertheless, despite their structural differences, there are many striking mechanistic similarities.

### 2.3.1. Mechanism {#sec2.3.1}

The first and most obvious of the similarities between these enzymes is that they all contain redox-active metal ions at their active sites: Ni^2+/3+^ in NiSOD, Fe^2+/3+^ in FeSOD and SOR, Mn^2+/3+^ in MnSOD, and Cu^1+/2+^ in CuZnSOD. The SOD enzymes all catalyze O~2~^•--^ disproportionation by a very similar ping-pong mechanism with O~2~^•--^ acting alternately to reduce the oxidized metal ion and then to oxidize the reduced metal ion. The SOR enzymes carry out only the latter of these steps; that is, O~2~^•--^ carries out the Fe^2+^ oxidation step but not the Fe^3+^ reduction step.

### 2.3.2. SOD Activities: pH and Concentration Effects {#sec2.3.2}

The enzymatic activities of the four types of SOD enzymes are strikingly similar (Figure [3](#fig3){ref-type="fig"}). The rates of reaction of the enzymes with O~2~^•--^ are near the diffusion-controlled limit, and they vary remarkably little over the physiologically relevant pH range (Figure [3](#fig3){ref-type="fig"}).

![The reactivity of SODs as a function of pH. The enzymes are: human CuZnSOD (red ●), *E. coli* MnSOD (●), and *S. seoulensis* NiSOD (green ◆).](cr-2013-005296_0015){#fig3}

###### Half-Life of Superoxide Decay by Spontaneous Disproportionation or Disproportionation Catalyzed by SOD

  \[O~2~^•--^\] (M)   \[SOD\] (M)   *t*~1/2~   acceleration factor
  ------------------- ------------- ---------- ---------------------
  10^--6^             none          3000 ms     
  10^--6^             10^--9^       175 ms     20×
  10^--9^             none          hours       
  10^--9^             10^--9^       175 ms     10 000×
  10^--9^             10^--6^       0.175 ms   10 000 000×

In comparing the rates of the spontaneous versus the SOD-catalyzed rates of disappearance of O~2~^•--^, it is important to note the very dramatic effect of the concentration of O~2~^•--^ and, in the case of the enzyme-catalyzed reaction, the concentration of the SOD. The spontaneous disproportionation of superoxide is bimolecular and thus proceeds at rates that are proportional to \[O~2~^•--^\],^2^ whereas the rates of the enzyme-catalyzed reaction are first-order in enzyme and in O~2~^•--^ concentration and proceed at rates proportional to \[O~2~^•--^\]. Thus, as can be seen in Table [3](#tbl3){ref-type="other"}, low concentrations of superoxide can persist for hours, and so the effect of SOD on the rate of O~2~^•--^ disappearance is much more dramatic under those conditions. In other words, the presence of a SOD enzyme transforms the disproportionation of O~2~^•--^ from being second-order in \[O~2~^•--^\] to a sequence of two reactions that are each first-order in \[O~2~^•--^\] and can therefore occur rapidly even at low concentrations of the substrate. Thus, an SOD can maintain low physiological concentrations of superoxide at approximately 2 × 10^--10^ M.^[@ref72]^

### 2.3.3. Reduction Potentials {#sec2.3.3}

To be thermodynamically competent to carry out both steps of the reaction, the reduction potentials, *E*°, of the SOD enzymes must fall between −0.18 and +0.91 V, the potentials for one-electron reduction of O~2~ and one-electron reduction of O~2~^•--^, so that O~2~^•--^ can both oxidize the reduced form of the metal ion and reduce the oxidized form (Figure [4](#fig4){ref-type="fig"}). Moreover, for optimal turnover, the *E*° should be near the average of the *E*°s for the two reactions,^[@ref73]^ and NiSOD (0.29 V),^[@ref59]^ FeSOD (∼0.1 V),^[@ref74]^ MnSOD (∼0.3 V),^[@ref75]^ and CuZnSOD (0.32 and 0.36 V for human and bovine, respectively)^[@ref76]^ do indeed achieve appropriate intermediate reduction potentials. (It should be noted that the *E*°s of SODs are often difficult to measure with precision due to very slow equilibration between the active site and bulk solution.) As discussed further below, the reduction potential of the metal ion became fine-tuned to an optimum value by each of the SODs in the course of evolution. It is interesting to note that the SOR enzymes have reduction potentials similar to those of the SODs (Figure [4](#fig4){ref-type="fig"}), despite the fact that they do not carry out the oxidation of superoxide (see section [7](#sec7){ref-type="other"} for further discussion).

![The reduction potentials of the catalytic metal ion in SODs and SORs fall between the potentials for one-electron oxidation and one-electron reduction of superoxide.](cr-2013-005296_0016){#fig4}

### 2.3.4. Inner- versus Outer-Sphere Pathways {#sec2.3.4}

In theory, O~2~^•--^ can reduce an oxidized metal ion by either an inner-sphere or an outer-sphere pathway. In an inner-sphere mechanism, O~2~^•--^ becomes a ligand in the first coordination sphere of the oxidized metal ion at the active site prior to electron transfer and release of O~2~. If there is not an open coordination position on the metal ion, a ligand exchange reaction must take place for superoxide to enter the first coordination sphere.

In an outer-sphere mechanism, a prior ligand exchange reaction is not required, but the electron transfer would take place with O~2~^•--^ outside of the first coordination sphere and thus further away from the metal ion.

The reaction in which O~2~^•--^ oxidizes the reduced enzyme, which occurs in both the SOR and the SOD enzymes, is more challenging because of the requirement that the peroxide dianion, O~2~^2--^, be stabilized by bonding either to a metal ion or to a proton when superoxide accepts an electron and is reduced to peroxide. An inner-sphere mechanism utilizes the metal ion to stabilize the peroxide, and therefore the reduced enzyme must have either an open coordination site on the reduced metal ion or a rapidly exchangeable ligand so that exchange takes place prior to electron transfer. For SODs, it also requires that the resulting peroxo ligand be able to dissociate rapidly so that the oxidized enzyme is freed to react with another superoxide.

An outer-sphere mechanism utilizes only proton donors to stabilize peroxide (Scheme [2](#sch2){ref-type="scheme"}). Thus, O~2~^•--^ must be docked at a site that contains one or more proton donors capable of hydrogen bonding to O~2~^•--^ and of transferring one or two protons to O~2~^2--^ as it is formed. The proton donors at the superoxide docking site may include water molecules in the first coordination shell of superoxide as well as amino acid residues.

![Transfer of Two Protons Is Necessary for the Formation of H~2~O~2~](cr-2013-005296_0057){#sch2}

Because the substrate of the SOR and SOD enzymes is a small anion, it is not surprising to find that these enzymes tend to bind other small anions as well and that these small anions can sometimes act as inhibitors of the enzymatic reactions. This property of the enzymes is discussed in more detail below in sections [3](#sec3){ref-type="other"}--[7](#sec7){ref-type="other"}. Studies of thermodynamics and kinetics of anion binding to these enzymes have proved quite useful in understanding the nature of their interactions with superoxide.

### 2.3.5. Selectivity {#sec2.3.5}

Another important property of the SOR and SOD enzymes is their ability to react selectively with superoxide in both their oxidized (SODs) and their reduced (SODs and SORs) states. In particular, the reduced enzymes are oxidized rapidly by superoxide but not by O~2~, and the oxidized forms of SODs are reduced rapidly by superoxide. In the case of the SOR enzymes, they can be reduced by electrons transferred by rubredoxins or other cellular reductants (ultimately reduced by NAD(P)H oxidoreductases).

### 2.3.6. Electrostatic Guidance {#sec2.3.6}

To achieve fast reactions with O~2~^•--^, the Fe, Mn, and CuZn SOD enzymes have evolved so that superoxide is guided into the active site channel using the distribution of electrostatic charges on the surfaces of the enzymes. Consequently, the catalytic rate constants for reactions of these enzymes with superoxide are very dependent on the ionic strength of the medium.^[@ref77]^ In the case of NiSOD, this ionic strength effect is not observed, presumably because the Ni site on NiSOD is much more exposed and thus more available for reactions with superoxide, while the Fe, Mn, and Cu centers of the other SODs are located at the bottom of narrow solvent-accessible channels. The active site in SORs is solvent-exposed, but surrounded by basic residues conferring a positive surface charge possibly favoring superoxide attraction through an electrostatic antenna, and/or helping to strip the hydrated superoxide anion of its water molecules.

### 2.3.7. Proton Uptake by SODs upon Reduction {#sec2.3.7}

The Fe, Mn, and CuZn SOD enzymes share another property that is undoubtedly related to their catalytic mechanisms and their remarkable abilities to catalyze rapid O~2~^•--^ disproportionation at pH 7. Reduction of the oxidized forms of these enzymes is accompanied by the uptake of a proton. In the case of Fe- or MnSOD, the proton uptake occurs on the solvent ligand, which changes from OH^--^ to H~2~O, while in CuZnSOD the bridging imidazole side chain becomes protonated (see sections [4](#sec4){ref-type="other"}--[6](#sec6){ref-type="other"}). It is unknown if NiSOD shares this property.

### 2.3.8. Peroxidative Reaction {#sec2.3.8}

Another property shared by some but not all SODs is irreversible inactivation of the enzyme resulting from reaction of the reduced SOD with H~2~O~2~. This reaction, generally termed the peroxidative reaction, is the result of a Fenton-type reaction in which the reduced metal ion at the active site reduces H~2~O~2~ to generate hydroxyl radical, which then reacts with amino acid residues nearby. Interestingly, eukaryotic CuZnSODs and most FeSODs react rapidly in this fashion with H~2~O~2~, whereas MnSOD and prokaryotic CuZnSODs^[@ref78]^ do not. NiSOD is also inhibited by hydrogen peroxide, but in this case the reaction appears to be reversible because SOD activity is restored when peroxide is removed. The reactions of the SODs with H~2~O~2~ are discussed further in sections [3](#sec3){ref-type="other"}--[6](#sec6){ref-type="other"}.

### 2.3.9. Distinctive Characteristics of Individual Enzyme Types {#sec2.3.9}

The properties of each of the different classes of SOD and SOR enzymes are discussed in detail in sections [3](#sec3){ref-type="other"}--[7](#sec7){ref-type="other"}, each providing more detail on distinctive characteristics of the enzyme representing areas of active research. In the case of NiSOD, this characteristic is the use of sulfur-containing ligands to adjust the reactivity of the metal center. In the case of FeSOD, it is the redox tuning of the iron center that allows similar-looking proteins to optimize the reactivity of Mn or Fe with superoxide. For MnSOD, it is the diminution of SOD activity at high substrate concentrations. For CuZnSOD, it is how mutations in the human SOD1 gene cause familial amyotrophic lateral sclerosis (FALS). Finally, for SOR, it is the unique properties that make it an SOR rather than an SOD.

3. Nickel Superoxide Dismutase {#sec3}
==============================

3.1. History and Properties {#sec3.1}
---------------------------

All known SODs utilize a redox metal center that cycles between oxidized and reduced states that differ by one electron during catalysis, the so-called ping-pong mechanism (see above). Furthermore, the optimum reduction potential for SOD catalysis is midway between the potentials associated with the oxidation and reduction of O~2~^•--^, ∼0.36 V. These are difficult values for Ni^2+^~aq~ ions to achieve because water will both oxidize and reduce at potentials less extreme than Ni^2+^~aq~. In fact, of the redox metal ions found in SODs, only nickel does not catalyze superoxide disproportionation in aqueous solution.^[@ref79]^ This likely stems from the fact that calculations estimate the Ni^3+/2+^~aq~ reduction potential at +2.26 V.^[@ref80]^ Because this value lies outside the potentials bracketed by O~2~^•--^ oxidation and reduction and cannot be supported in aqueous media, it explains both the fact that nickel has only one stable oxidation state in aqueous media, Ni^2+^, and the lack of O~2~^•--^ redox catalysis.^[@ref81]^ Thus, it came as a surprise to the community studying SODs when a nickel-dependent SOD, NiSOD, was discovered by Youn and Kang, et al., ca. 1996 in *Streptomyces* species.^[@ref82]^ In addition to isolating a protein with SOD activity (using the indirect method involving cytochrome *c* reduction by O~2~^•--^ produced by xanthine/xanthine oxidase), these researchers observed an *S* = 1/2 EPR signal (*g* = 2.304, 2.248, 2.012), with resolved superhyperfine splitting arising from one N-donor (*A* = 2 mT) on the high-field feature (Figure [5](#fig5){ref-type="fig"}), in the as-isolated (∼50% oxidized) enzyme. This EPR signal was remarkably similar to those found earlier for nickel-containing hydrogenases,^[@cit82a]^ established the presence of low-spin Ni^3+^ in the native enzyme, and implicated the Ni^3+/2+^ couple in catalysis.

![X-band EPR spectra of NiSOD. The experimental spectrum in each panel (upper spectrum) is compared to a simulated spectrum (lower spectrum) (reprinted with permission from ref ([@ref88])). (a) Native enzyme with naturally abundant isotopes. The simulation uses the following parameters: *g*~*xyz*~ = 2.306, 2.232, and 2.016; *A*~*xyz*~ = 16.2, 17.7, and 24.6 G; and *l*~*xyz*~ = 28, 17, and 7.8 G. (b) NiSOD enriched with ^61^Ni, giving unambiguous identification of the rhombic EPR signal to Ni. The simulation is based on the assumption that the signal is a composite of 87% of the ^61^Ni (*I* = 3/2) signal and 13% of the normal Ni (*I* = 0) signal. Hyperfine splitting values used for the nitrogen are as in (a) and for ^61^Ni are *A*~*xyz*~ = 5, 5, and 30 G. (c) NiSOD enriched with ^15^N. The spectrum shows two prominent lines in the *g*~3~ region instead of three as for normal enzyme, indicating that at least one nitrogen ligand is involved in Ni coordination in resting enzyme. Hyperfine splitting values used for ^15^N are *A*~*xyz*~ = 22.7, 24.8, and 34.4 G. A clear splitting is observed in the *g* = 2.23 region, which was not resolved in spectra with ^14^N donors at 100 K. (d) NiSOD enriched with ^33^S gives direct evidence for sulfur ligands of Ni. The simulation assumes equal hyperfine interaction with two ^33^S nuclei. Hyperfine splitting values used for ^33^S are *A*~*xyz*~ = 3.6, 3.6, and 3.6 G. Microwave frequency, 9.482 GHz; temperature, 100 K.](cr-2013-005296_0017){#fig5}

The observation of a Ni^3+^ species places demands on the protein environment of the nickel center to support this oxidation state. Nature uses electron-rich cysteine thiolate ligands to stabilize Ni^3+^ in a number of enzymes that have redox-active nickel centers,^[@ref83]^ as previously proposed for the \[NiFe\] hydrogenases (refer to the review by Lubitz in this thematic issue^[@ref500]^). Initially, this seemed an unlikely ligand environment for a nickel-dependent SOD, given the reactivity of S-donors to oxygen and peroxide,^[@ref84]^ and the absence of any S-donor ligands in the metal sites of any other SOD. As will be discussed in section [7](#sec7){ref-type="other"}, SORs have also a S-donor (cysteine) as one of the ligands to the catalytic iron site. X-ray absorption spectroscopy (XAS) detected the presence of multiple S-donor ligands in the nickel site, and established that a change in ligation from five-coordinate pyramidal to four-coordinate planar occurred upon reduction of the Ni center.^[@ref85]^ The fact that the protein contains only three S atoms, associated with Cys2, Cys6, and Met28 (*S. coelicolor* numbering), and mutation of Met28 had no effect, implicated the N-terminus as the Ni-binding locus.^[@ref86]^ Despite the presence of potentially oxidation-sensitive S-donors, kinetic studies using pulse-radiolytic generation of O~2~^•--^ confirmed that the enzyme was an SOD that features catalytic rates close to the diffusion limit (10^9^ M^--1^ s^--1^), that are pH-independent near physiological pH (pH ≈ 5--9.5), and virtually indistinguishable from the kinetic characteristics of *E. coli* MnSOD (Figure [6](#fig6){ref-type="fig"}).^[@ref85]^ Thus, like other SODs, NiSOD does not exhibit saturation kinetics at any concentration remotely close to physiological.

![A comparison of the pH-dependence of *k*~cat~ for native *S. seoulensis* NiSOD (green), recombinant *S. coelicolor* NiSOD (blue), and *E. coli* MnSOD (magenta).](cr-2013-005296_0018){#fig6}

Each SOD has a distinctive pattern of inhibition by anions and other small molecules, such as hydrogen peroxide. CuZnSOD is sensitive to inhibition by H~2~O~2~ and cyanide, whereas FeSOD is strongly inhibited by H~2~O~2~, but not cyanide. MnSOD is weakly inhibited by azide, but not by cyanide or H~2~O~2~. NiSOD is inhibited by cyanide and H~2~O~2~, but only weakly inhibited by azide, and thus most closely resembles the inhibition pattern of CuZnSOD.^[@cit82a]^ The interaction of these inhibitors with NiSOD was examined in more detail,^[@ref87]^ and it was found that 200 mM azide perturbs the EPR and CD spectra of the resting, oxidized enzyme, but these perturbations are small and identical to those produced by ^15^N-labeled azide. They are therefore due to unresolved N-superhyperfine interactions and can be attributed to minor structural perturbations of the nickel site rather than ligation of azide by the nickel center. This led to a model wherein azide binds to the protein at an anion binding site that is near to the vacant sixth coordination position of the nickel and involves interaction with the N--H groups of the amides of Asp3 and Cys6, and is near to the OH group of Tyr9,^[@ref87]^ a structure that is in agreement with the crystal structure of the Cl^--^/Br^--^ anion complexes of a Y9F mutant enzyme (see below).^[@ref59]^

3.2. Structure {#sec3.2}
--------------

### 3.2.1. Molecular Structure {#sec3.2.1}

Eleven crystal structures for NiSODs are available as of 2013 in the PDB, including structures for as-isolated (partially oxidized) (1Q0D), and X-ray radiation (1Q0G)- or dithionite (1Q0K)-reduced *S. seoulensis* NiSOD,^[@ref88]^ and apo (1T6I)- and holo (1T6U)-wild-type NiSOD from *S. coelicolor*.^[@cit87a]^ In addition, there are structures available for Y9F (3G4Z)- and D3A (3G5O)-mutant *S. coelicolor* enzyme.^[@ref59]^ As the structures of the mutants are more relevant to the reaction mechanism, they are discussed in more detail in that section.

The protein structures of the wild-type enzymes from *S. seoulensis* and *S. coelicolor* are virtually identical, which is not surprising considering that their amino acid sequences are 90% identical. The structures reveal that the protein is an 80-kDa homohexamer composed of 13.4 kDa monomers that are antiparallel 4-helix bundles, each containing a nickel active site (Figure [7](#fig7){ref-type="fig"}). The hexameric quaternary structure in solution has been confirmed by ultracentrifugation, ESI--MS under nondenaturing conditions, and by size-exclusion chromatography, and does not depend on N-terminal processing or incorporation of nickel.^[@ref59],[@ref88],[@ref89]^ Apo-NiSOD protein is virtually identical to holo-enzyme in 3D structure except that the N-terminal Ni-hook motif is disordered in the absence of the metal.^[@cit87a]^ The hexamer is composed of helical subunits that form a roughly 60 Å diameter hollow sphere, with a 20 Å diameter interior void that is filled with water and cocrystallized ions.^[@cit87a],[@ref88]^ This structure is unique among SODs, which have a β-barrel structure (CuZnSOD) or both α- and β-structure (Fe/MnSOD) and do not exhibit hexameric quaternary structures (see Figure [2](#fig2){ref-type="fig"}).

![Structure of *S. coelicolor* NiSOD (PDB code: 1T6U) viewed down the 3-fold axis of the hexamer (top); a single trimeric unit (middle) viewed along a 2-fold axis in the hexamer, and the Ni-hook motif (bottom), in the oxidized state and showing the active site water molecules and hydrogen-bonding network. This figure was generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0019){#fig7}

The hexamer structure can be viewed as a dimer of trimers, where the three monomers in the trimer resemble the legs of a piano stool, and the hexamer involves putting two trimers together so that the legs interdigitate (Figure [7](#fig7){ref-type="fig"}). It features a 3-fold axis of symmetry (through the seats of both piano stools) that relates the monomers within each trimer, and three perpendicular 2-fold axes of symmetry that relate neighboring monomers from two trimeric units. The hexameric structure is supported by several salt bridges, hydrophobic, and hydrogen-bonding interactions that include an intersubunit hydrogen bond between Glu17 and the N--H group of the apical His1 imidazole ligand of the nickel site,^[@ref59],[@cit87a],[@ref88]^ the mechanistic role of which is discussed below in more detail.

The nickel sites are located at the N-terminus of each subunit (Figure [7](#fig7){ref-type="fig"}), which places them in a distorted octahedral arrangement in the hexamer, with Ni--Ni distances of ∼25 Å. The nickel ligands include the two thiolate S-donors, Cys2 and Cys6, and three different N-donors, including the N-terminal amine and imidazole side chain from His1, and the amidate from Cys2. Thus, four of the five nickel ligands are derived from the first two amino acid residues. These residues are part of what has been termed the "nickel hook" motif, which is characteristic of all NiSODs and is structurally facilitated by Pro5 in a *cis*-conformation that positions Cys6 as the last ligand in the sequence.^[@cit43a],[@cit87a]^ Although the nickel site is near the surface of the protein, it is effectively protected from solvent access by the hook motif. In the properly configured nickel hook, Val8 blocks access to the sixth coordination position, opposite the imidazole side chain of His1.

Ligation of the His1 imidazole side chain is a feature of the oxidized, five-coordinate pyramidal Ni^3+^ center, and gives rise to the observed N-hyperfine splitting in the EPR spectrum (Figure [7](#fig7){ref-type="fig"}).^[@cit87a],[@ref88]^ Upon reduction, the apical imidazole dissociates from the metal, resulting in a four-coordinate planar Ni^2+^ center with an N~2~S~2~ donor atom set provided by the remaining four active site ligands.^[@cit87a],[@ref88]^ This change in coordination number due to loss of a His imidazole ligand is also found in the structures for resting oxidized and reduced CuZnSOD;^[@ref90]^ similarly, in most SORs the reduction of the iron ion is accompanied by a dissociation of an Fe ligand (in this case, a glutamate, see section [7](#sec7){ref-type="other"}). The as-isolated protein preparation has been found to be a mixture of oxidized and reduced nickel sites, with His-on or His-off nickel centers, respectively;^[@cit87a],[@ref88]^ thus the His1 imidazole occupies multiple positions in the structures. Double integration of the first derivative EPR signal showed that as-isolated protein solution contains approximately 50% Ni^3+^, and that this value did not change upon addition of oxidants, a feature that might suggest some sort of redox cooperativity between subunits.^[@ref59]^

### 3.2.2. Electronic Structure {#sec3.2.2}

The electronic structure of the nickel sites has been addressed by spectroscopic probes and calculations using the structure of the active site as a starting point,^[@cit87b]^ and is summarized by the frontier molecular orbital diagram in Figure [8](#fig8){ref-type="fig"}. The rhombic EPR signal characteristic of the oxidized enzyme (Figure [5](#fig5){ref-type="fig"}) is consistent with a low-spin d^7^ Ni^3+^ site, giving rise to an *S* = 1/2 center with the single unpaired electron in a d~*z*2~ orbital (a single occupied molecular orbital, SOMO), as in the EPR active forms of the nickel center of Ni-hydrogenases. The predominantly nickel character of the *S* = 1/2 species is consistent with the large hyperfine splitting (30 G) observed on the highest field feature upon incorporation of ^61^Ni (*I* = 3/2).^[@ref88]^ The assignment of ^14^N-superhyperfine splitting (*I* = 1) on the high-field feature was confirmed by ^15^N (*I* = 1/2) substitution,^[@ref88]^ which also revealed previously unresolved superhyperfine splitting contributions at the resonances associated with other *g*-values, and by Q-band ENDOR.^[@ref91]^ The superhyperfine splitting associated with enzyme prepared with ^33^S is small (3.6 G), isotropic within experimental error, and consistent with the largely nickel-centered radical and the d~*z*2~ SOMO that nonetheless has significant covalent interactions with the ligands in the σ-bonding system.^[@ref88]^

![DFT frontier molecular orbital energy diagrams for oxidized (His-on, spin--down orbitals from an unrestricted calculation) and reduced (His-off) NiSOD (adapted from ref ([@cit87b])).](cr-2013-005296_0020){#fig8}

The electronic absorption spectrum of the as-isolated (resting oxidized) NiSOD is dominated by an absorption maximum at ∼380 nm with a high extinction coefficient (ε ≈ 6800 M^--1^ cm^--1^, calculated per Ni^3+^ center) that has been assigned to a largely S(Cys) → Ni^3+^ ligand to metal charge transfer transition (LMCT) based on calculations and resonance Raman data.^[@cit87b]^ Raman spectra obtained by irradiating at 380 nm revealed bands at 349, 365, and 391 cm^--1^ associated with Ni--S vibrations. The MCD spectrum is dominated by *C*-terms, consistent with this electronic structure and providing the ability to separate the spectral features associated with Ni^3+^ in the sample from those of diamagnetic Ni^2+^ centers, where the charge-transfer transitions are shifted into the UV region and the spectrum consists largely of much less intense ligand field transitions that resemble the spectra of planar Ni^2+^ complexes with N~2~S~2~ coordination.^[@cit87b]^

These spectral features buttress the computational models of the electronic structure of the oxidized and reduced sites (Figure [8](#fig8){ref-type="fig"}), which reproduce the EPR *g*-values and hyperfine splittings observed for the oxidized Ni^3+^ center and are consistent with the d~*z*^2^~^1^ ground state.^[@cit87b]^ The calculations also point to the importance of interactions with the anionic ligands in the equatorial plane (Cys2, Cys6, and the Cys2 amidate) that lead to filled/filled antibonding π-interactions with Ni that lower the reduction potential of the active site. The loss of the apical His1 imidazole ligand upon reduction strongly stabilizes the d~*z*^2^~ orbital, resulting in HOMOs (highest occupied molecular orbital) for the Ni^2+^ site that are comprised largely of filled π-orbitals from Ni^2+^ and the three anionic equatorial ligands. By increasing the energy and nickel character of the HOMO in the reduced site, the π-interactions make the site easier to oxidize and promote metal versus sulfur oxidation.^[@cit87b]^ A mechanistic implication from computational models is that the redox molecular orbital for the two NiSOD half-reactions is different (d~*z*^2^~ for O~2~^•--^ oxidation, Ni d~*x*^2^--*y*^2^~/S/N p for O~2~^•--^ reduction).^[@cit87b]^

3.3. Catalytic Mechanism {#sec3.3}
------------------------

SODs achieve catalysis via the ping-pong mechanism, in which the metal center oscillates between oxidized and reduced states that differ by one electron.^[@ref92]^ As such, the general SOD mechanism consists of two half-reactions, where substrate oxidation produces O~2~ and the reduced metal site, and substrate reduction produces H~2~O~2~ and the oxidized metal site. In the case of NiSOD, the study of these half-reactions is complicated by the fact that the solution of the as-isolated enzyme contains a roughly 50--50 mixture of Ni^3+^ sites and Ni^2+^ sites, and that it cannot be oxidized further.^[@ref59]^ As a result, only the overall rate of catalysis and the initial reaction of the fully reduced enzyme can be studied.

The discussion above convincingly identifies the Ni^3+/2+^ couple as the relevant metal redox chemistry for NiSOD. Redox titrations have established that NiSOD, like all SODs, has a reduction potential (0.29 V) that is close to the optimum potential for catalysis.^[@ref59]^ Kinetic analysis of the rate of consumption of pulse radiolytically generated O~2~^•--^ in the presence of NiSOD shows that like other SODs, the reaction is essentially diffusion limited (*k*~cat~ ≈ 10^9^ M^--1^ s^--1^ per nickel site) and independent of pH near physiological values (Figure [6](#fig6){ref-type="fig"}),^[@ref59],[@ref86],[@ref85]^ indicating that protons for H~2~O~2~ production are derived from a protein residue. In fact, the reaction rate and pH dependence of *k*~cat~ for NiSOD is identical to that of MnSOD,^[@ref85]^ despite the lack of any metal site structural features in common between the enzymes.

### 3.3.1. Outer- versus Inner-Sphere {#sec3.3.1}

Each half-reaction could proceed by either outer-sphere, where no Ni--O~2~^•--^ bond forms, or inner-sphere mechanisms that involve formation of a Ni--O~2~^•--^ complex, or a mixture of these two mechanisms. For NiSOD there is considerable disagreement regarding even this most basic feature of the reaction mechanism. Theoretical calculations of the reaction mechanism have assumed an inner-sphere mechanism and are thus nearly silent on this issue (see above). The presence of an open coordination position on the Ni^3+^ center might suggest coordination of the substrate, as well as inhibition by other anions, and electrostatic steering. However, unlike other SODs, the apparent lack of an ionic strength effect on *k*~cat~ indicates that this aspect is not as important for NiSOD catalysis, perhaps because of the more solvent-accessible active site. The open coordination site might reflect the need for a low-spin electronic configuration, while anion inhibition could arise from competition for an anion-binding site other than the metal center. The observation that azide does not bind to the Ni center (see above) argues in favor of an outer-sphere mechanism.^[@ref87]^ Perhaps the most compelling experimental data in this regard are the anion binding site crystallographically characterized for the Cl^--^ and Br^--^ complexes of Tyr9Phe-NiSOD (Figure [9](#fig9){ref-type="fig"}).^[@ref59]^ The anions are found in the same location that was originally proposed for azide binding to account for the small perturbation of the Ni spectroscopic features.^[@cit87a]^ In WT-NiSOD, Tyr9 lies near the vacant sixth coordination position of the nickel center, with a Ni--O distance of 5.47 Å, and is involved in hydrogen-bonding interactions with two ordered water molecules at 2.56 Å (W1) and at 2.84 Å (W2). It is in a position to control access of anions to the active site and appears to play the same role as the "gateway tyrosine" found in MnSODs^[@ref94]^ and FeSODs.^[@ref95]^ The active site water molecules also accept hydrogen bonds from amides (Cys6 to W1 and Asp3 to W2). In the Tyr9Phe-NiSOD mutant *S. coelicolor* enzyme, W1 is replaced by Cl^--^ or Br^--^, with a Ni--Cl distance of 3.5 Å, a nonbonded distance that does not result in the observation of Cl hyperfine splitting in the EPR spectrum.^[@ref59]^ Like WT-NiSOD, the crystals contain mixtures of Ni^3+^ (His-on) and Ni^2+^ (His-off) sites, and there is no indication of Cl^--^ coordination in either site. Thus, the data support an outer-sphere redox mechanism for both half reactions. Furthermore, another mutant, Asp3Ala-NiSOD, changes the position of Tyr9 such that the phenol group is ∼1 Å closer to the nickel site (Figure [9](#fig9){ref-type="fig"}) and alters the chemistry with H~2~O~2~: WT-NiSOD is reversibly inhibited by H~2~O~2~, which reduces Ni^3+^, while Asp3Ala-NiSOD loses activity during turnover and is irreversibly inhibited by H~2~O~2~.^[@ref59]^ Although Asp3Ala-NiSOD exhibits reduced activity relative to WT-NiSOD, this is not due to a change in the properties of the nickel site. The EPR spectrum observed is essentially that of WT-NiSOD, and redox titrations show that the reduction potential is unchanged.^[@ref59]^ In the Ni-hook configuration adopted by Asp3Ala-NiSOD, Tyr9 is in a position that would be less effective in inhibiting access of H~2~O~2~ to the nickel site and could even stabilize formation of a Ni-OOH peroxo or superoxo adduct that results in oxidation of Tyr9.^[@ref59]^

![Superposition of the Ni-hook domains of WT (blue), Tyr9Phe (purple), and Asp3Ala (orange) NiSODs showing the position of residue 9 (reproduced from ref ([@ref59])). The green sphere represents the Ni position in all three structures, and the purple sphere indicates the Cl^--^ or Br^--^ position in Tyr9Phe-NiSOD. The blue and orange spheres represent water molecules present in WT and Asp3Ala NiSOD, respectively.](cr-2013-005296_0021){#fig9}

### 3.3.2. The Roles of the Nickel Ligands {#sec3.3.2}

The ligand and protein environments of the active sites of SODs evolved such that three essential features for catalysis were reached: (1) Adjustment of the metal reduction potential to an optimum level for catalysis (∼0.36 V); (2) control of anion (O~2~^•--^) access to the active site, as discussed above for Tyr9; and (3) availability of a source of protons for formation of H~2~O~2~. The role of the nickel ligands in NiSOD in those features has been addressed using a mutagenic approach, which has resulted in a number of mutant proteins with lower catalytic activity.^[@ref81],[@ref89],[@ref96]^ The activities of mutant NiSODs have been reviewed.^[@ref81],[@ref97]^

Unlike Fe- or Mn-SOD, where the metal has an aqua ligand whose protonation state and hydrogen-bonding interactions can be used to adjust the reduction potential, NiSOD has no aqua ligand and instead employs thiolate ligation from Cys2 and Cys6 as the primary mechanism for adjusting it. Sulfur-donor ligands play a critical role in the redox biochemistry of nickel. Without these electron-rich donors, the Ni^3+/2+^ couple would lie at potentials that are above those that can be accessed by biological oxidants. Indeed, in biology, thiolate (cysteinate) ligation is closely associated with nickel centers that play a redox role.^[@ref83]^ Mutation of the Cys2 and Cys6 residues to Ser, individually or in tandem, gave rise to NiSOD mutant proteins that were catalytically inactive and did not display a Ni^3+^ EPR signal, indicating that they were isolated as Ni^2+^ complexes.^[@ref89]^ All three mutants were essentially spectroscopically identical, and spectral analyses showed that none of the nickel sites involved Cys ligation,^[@ref89],[@ref96]^ even if one of the pair of Cys residues was present. Further, the Ni^2+^ centers in the Cys mutants were high-spin (*S* = 1),^[@ref96]^ indicating that in addition to the importance of Cys ligation for the reduction potential, the presence of both Cys ligands is required for the low-spin electronic configuration.

In addition to their role in determining the reduction potential and electronic structure of the active site, the Cys ligands in NiSOD also appear to be the source of protons for the production of H~2~O~2~. The low sulfur content of the enzyme made it possible to address the role of the Cys ligands using S K*-*edge XAS (Figure [10](#fig10){ref-type="fig"}).^[@ref98]^ The as-isolated (oxidized) enzyme reveals two pre-edge transitions associated with excitation of sulfur 1s electrons into vacancies in both the 3d~*z*^2^~ and the 3d~*x*^2^--*y*^2^~ orbitals of low-spin d^7^ Ni^3+^, essentially high-energy LMCT. Upon reduction in the X-ray beam, the lower energy transition is lost, appropriate for the formation of low-spin d^8^ Ni^2+^ with vacancies only in the 3d~*x*^2^--*y*^2^~ orbital. However, when NiSOD was reduced with H~2~O~2~, essentially running the reductive half-reaction in reverse, no pre-edge features were observed.^[@ref98]^ The loss of these features was attributed to protonation of the Cys ligands, which would shift the transition involved up near the S K*-*edge in energy.^[@ref98]^ The broadened edge for this sample is consistent with this expectation. This result is in agreement with computational models that favor protonations of Cys ligands in the reduced enzyme,^[@ref99]^ although these calculations disagree on which Cys residue is the H^+^ donor to the substrate.

![S K-edge spectra for *S. coelicolor* WT NiSOD during photoreduction in the X-ray beam (red-gray spectra) and reduced with H~2~O~2~ (blue). The NiSOD samples are compared with spectrum obtained from cysteine (black) (adapted from ref ([@ref99]) with permission). The feature marked A (2469.7 eV) is lost upon X-ray reduction, while B (2470.9) is retained.](cr-2013-005296_0022){#fig10}

### 3.3.3. Computational Studies {#sec3.3.3}

Computational studies of the reaction mechanism have identified several features that may be important to the mechanism. Noting that the crystallographic bond distance between Ni and the apical histidine imidazole ligand, Ni--N(His), in NiSOD structures is quite long (2.3--2.6 Å)^[@cit87a],[@ref88]^ and involves a hydrogen-bonding interaction with Glu17 from a neighboring subunit that is supported by an intrasubunit hydrogen bond with Arg47 (Figure [11](#fig11){ref-type="fig"}), several DFT computational models were developed to explore the influence of these hydrogen-bond interactions on the Ni--N(His) distance and the energy of the redox active orbital, d~*z*^2^~.^[@cit87b]^ The results show a trend that increases the Ni--N(His) distance from 2.07 Å without hydrogen bonding to 2.16 Å with both hydrogen-bond interactions intact, but not to the extent suggested by the crystal structure. (Other bond distances are predicted by the DFT models within 0.05 Å of the crystallographically determined values.^[@cit87b]^) The 2.07 Å distance is typical of Ni--N(His) distances in small molecule structures,^[@cit87a]^ consistent with other calculations,^[@cit99a]^ and more consistent with distances obtained from EXAFS analysis of as-isolated NiSOD (average Ni--N = 1.91 Å),^[@ref85]^ and may suggest that the disorder in His1 due to the presence of more than one conformation in the crystal structures leads to a determination of an apical Ni--N distance that is too long. In any event, lengthening the axial interaction is expected to stabilize the redox active orbital, and thus the apical Ni--N(His) interaction is important to tuning the reduction potential of the active site.

![The Ni-hook motif shown with intersubunit His1···Glu17 hydrogen bond and supporting intrasubunit Glu17···Arg47 interaction.](cr-2013-005296_0023){#fig11}

The reaction pathway involved in O~2~^•--^ disproportionation has also been addressed using DFT to explore the potential energy surface, in inner-sphere processes.^[@cit99a]^ The preferred mechanism is shown in Figure [12](#fig12){ref-type="fig"} and features a reduced form of NiSOD that features a protonated Cys ligand and retains axial His1 imidazole coordination. This results in a five-coordinate square-pyramidal high-spin Ni^2+^ species that has not been detected experimentally. Cys2 was favored for this role over Cys6 because it has a larger electronic density at the solvent-accessible face of the N~2~S~2~ plane. The reaction proceeds via two transition states. The transition state for O~2~^•--^ oxidation involves the transfer of a proton from coordinated OOH to Cys2. The transition state for substrate reduction features transfer of the Cys2-SH proton to the proximal O-atom in the Ni--OOH complex. Thus, the only transition states involved in the reaction mechanism feature proton transfer between the substrate and a group present in the active site, which is also a characteristic of the reaction pathway for CuZnSOD, where the bridging imidazolate plays this role,^[@ref100]^ or as proposed for the SORs, where a lysine residue close to the metal site may act as a proton-donor or enhance the acidity of a water molecule in the site (see section [7](#sec7){ref-type="other"}). The investigators noted that for NiSOD, substrate binding is favorable only in the oxidative phase, and this binding is nearly thermoneutral, which could be interpreted as evidence of an outer-sphere mechanism for both half-reactions.^[@cit99a]^

![Proposed catalytic cycle for NiSODs from DFT calculations and free energy diagrams (center) for the oxidative and reductive half-reactions (adapted from ref ([@ref97])).](cr-2013-005296_0024){#fig12}

Other sites for protonation were considered, including the His1 imidazole ligand, resulting in a mechanism that uses the same ligand as the proton donor/acceptor as found for CuZnSOD.^[@cit99a]^ However, in the pyramidal NiSOD active site, the His1 imidazole occupies the apical position and is thus *trans* to the site of OOH binding, whether it binds directly to the nickel center or in the anion binding site (see above), and is thus blocked from direct interaction with the substrate via the ligands in the basal plane. Therefore, a role for the His1 imidazole ligand as the primary proton donor/acceptor seems unlikely and would need to be mediated by other protein residues. Calculations indicate that all pathways involving His1 imidazole protonation are less favorable.^[@cit99a]^ Nonetheless, protonation of His1 by the Cys-SH in intermediate 4 (Figure [12](#fig12){ref-type="fig"}) would lead to formation of the resting Ni^2+^ state of the enzyme, a planar, diamagnetic, *cis*-NiN~2~S~2~ complex. Additional calculations systematically investigated the protonation site in NiSOD and reached similar conclusions, although in this case Cys6 was favored over Cys2 as the proton donor/acceptor.^[@cit99b]^

3.4. Evolution and Genomics {#sec3.4}
---------------------------

Although the gene encoding NiSOD, *sodN*, has been identified in eukaryotic green algae,^[@ref43]^ it is mainly found in bacteria. The *sodN* gene encodes a protein that includes a variable N-terminal extension that is removed in the mature enzyme by a peptidase (*sodX*),^[@ref101]^ producing an enzyme with His at the N-terminus, a post-translational modification that was first indicated by N-terminal sequencing.^[@cit82a]^ This led to several strategies for producing recombinant enzyme with the properly processed N-terminus.^[@ref86]−[@ref88]^ In *Streptomyces*, the expression of *sodN* is induced by the presence of Ni^2+^ ions using Nur, a transcriptional regulator of the Fur (ferric uptake regulator) family.^[@ref102]^ The transcription of alternative SODs, such as the FeSOD found in *Streptomyces coelicolor*, is repressed by micromolar levels of Ni^2+^ via Nur.^[@cit102b]^

NiSOD is the most common SOD in marine organisms. As of 2013, there are over 85 gene sequences identified as *sodN*,^[@cit43a],[@ref81]^ each of which codes for proteins that contain the highly conserved (HCXXPCXXY)-N-terminal nickel hook. Phylogenetic trees have been constructed using these sequences and the Sargasso Sea metagenome.^[@cit43a]^ These studies produced dendrograms containing four major clusters: I-actinomycetes; II-cyanobacteria; IIIa-gammaproteobacteria and IIIb-bacteroidetes; and IV-planctomycetes, cyanobacteria, and deltaproteobacteria.^[@cit43a]^ Relative to the nickel hook sequence found in *Streptomyces* species, HCDLPCGVY-, the residues that provide the nickel ligands (His1, Cys2, and Cys6) are invariant, and most other variations involve conservative replacements. Tyr9 is substituted in only one sequence (by Phe), and Pro5 is replaced by Tyr or Phe in two sequences from *Mycobacterium* species.^[@cit43a]^ More variable residues in the nickel hook motif include Asp3, which is substituted by Gln or Glu in proteins from cluster IV, Gly7, which is substituted by Ala or Lys in some cluster III sequences, and Val8, which is replaced by Ile in several sequences in clusters III and IV.^[@cit43a]^ The genetic data also support the hypothesis that NiSOD evolved in response to the decreased availability of iron in marine environments that was a consequence of the evolution of oxygenic photosynthesis.^[@cit43a]^ Other organisms may have acquired NiSOD via lateral gene transfers.^[@cit43a]^

3.5. Comparisons to Other SODs {#sec3.5}
------------------------------

NiSOD appears to represent a case of convergent evolution that resulted initially from an evolutionary adaptation to use Ni as the requisite redox metal, and its emergence accompanied the decreased availability of Fe in the ocean that resulted from oxygenic photosynthesis. The use of Ni as the redox center in a superoxide dismutase was made possible by the features of the metal-binding site, which adjust the Ni^3+/2+^ couple reduction potential to the required range. This resulted from the evolution of the Ni-hook, which provides all five of the nickel ligands from the first six amino acid residues (His1, Cys2, and Cys6) and provides an elegant mechanism to stabilize Ni^3+^ and tune the reduction potential for catalysis. Nonetheless, NiSOD evolved many of the features found in other SODs to catalyze a pH-independent reaction at diffusion-limited rates. These features include the presence of a "gateway tyrosine", like that found in MnSODs and FeSODs, that controls substrate access to the active site, and the use of a protein residue (cysteine) as a proton donor/acceptor site in analogy with the bridging His imidazolate in CuZnSOD. The result is a distinct structural class of SOD that catalyzes O~2~^•--^ disproportionation by a mechanism that bears many similarities with other versions of the enzyme.

4. Iron Superoxide Dismutases {#sec4}
=============================

4.1. History and Properties {#sec4.1}
---------------------------

FeSOD was first discovered in *E. coli* in 1973,^[@ref103]^ shortly after the discovery of CuZnSOD in 1969^[@ref104]^ and MnSOD in 1970,^[@ref105]^ and soon thereafter it was found in a variety of other bacteria including anaerobes^[@ref106]^ (reviewed in ref ([@ref107])). The first eukaryotic FeSOD was discovered in a protist in 1977,^[@ref47],[@ref108]^ and it was found in a plant soon thereafter.^[@ref109]^ Even archaea possess FeSOD,^[@ref110]^ so FeSOD is represented in all three kingdoms of life. Section [4.5](#sec4.5){ref-type="other"} provides a discussion of phylogenetic insights obtained from comparison of FeSOD and MnSOD amino acid sequences.

Early on it was realized that FeSODs and MnSODs are similar to each other but different from CuZnSOD.^[@ref111]^ This homology was established beyond doubt by demonstration that the crystal structure of a MnSOD was similar to that of an FeSOD with respect to secondary and tertiary structure (Figure [13](#fig13){ref-type="fig"}).^[@ref112]^ In addition, all known FeSODs and MnSODs employ the same amino acids to coordinate the active site Fe or Mn ion. Given that the FeSODs and MnSODs are evidently members of the same protein family, it is not surprising that there are also SODs from this family that can use either metal ion. Early reports showed that a number of organisms that have a single gene encoding an FeSOD or a MnSOD produce the Mn version when exposed to O~2~ or when deficient in Fe, but the Fe version otherwise.^[@ref113]^ These SODs display activity under the same conditions with either Fe or Mn bound (Table [4](#tbl4){ref-type="other"})^[@cit113b],[@ref114]^ and so are called cambialistic (Latin cambium: exchange or change) or Fe/MnSODs hereafter. We use the terms FeSOD and MnSOD for SODs that are believed to be active with Fe or Mn, respectively, but not both. As expected, the cambialistic Fe/MnSODs also display the canonical structure characteristic of the entire family of FeSODs, Fe/MnSODs, and MnSODs (Fe- and/or MnSODs hereafter).

![Overlay of the backbones of *E. coli* FeSOD (orange) and MnSOD (magenta) based on the coordinates of Lah et al (PDB code: 1ISB).^[@cit126a]^ and Borgstahl et al (PDB code: 1D5N).^[@ref397]^ This figure and Figures [17](#fig17){ref-type="fig"}, [21](#fig21){ref-type="fig"}, and [22](#fig22){ref-type="fig"} were generated using Chimera^[@ref398]^ and swissPDBviewer.^[@ref399]^](cr-2013-005296_0025){#fig13}

###### A Selection of SODs Whose Activity is Metal-Specific, Preferential for One of Fe or Mn, or Cambialistic

  SOD protein                                                                   Fe-supported activity[a](#t4fn1){ref-type="table-fn"} (units/mg protein)   Mn-supported activity[a](#t4fn1){ref-type="table-fn"} (units/mg protein)
  ----------------------------------------------------------------------------- -------------------------------------------------------------------------- --------------------------------------------------------------------------
  *E. coli* (Fe)SOD^[@cit75a]^                                                  7000                                                                       10
  *Sulfolobus sulfataricus*([@ref115]) (archaeal)                               930                                                                        5
  *Propionibacterium freudenreichii* (shermanii) (actinobacterial)^[@ref116]^   810                                                                        790
  *Bacteroides fragilis*([@cit114a])                                            1300                                                                       640
  *Porphyromonas gingivalis*([@ref117])                                         2200                                                                       3700
  *Pyrobaculum aerophilum* (pH 7.8)^[@ref118]^ (archaeal)                       500                                                                        2800
  *Aerophylum pernix*([@ref119]) (archaeal)                                     220                                                                        1200
  *Mycobacterium smegmatis*([@ref120]) (actinobacterial)                        340                                                                        4800
  Methylomonas-J^[@ref121]^                                                     170                                                                        4600
  *Rhodobacter capsulatus*([@ref122])                                           1 equiv[b](#t4fn2){ref-type="table-fn"}                                    42 equiv[b](#t4fn2){ref-type="table-fn"}
  *Streptococcus mutans*([@ref123])                                             230[c](#t4fn3){ref-type="table-fn"}                                        4500
  *E. coli* (Mn)SOD^[@cit74a],[@ref124]^                                        10                                                                         7000

Based on the standard assay^[@ref104]^ and corrected for substoichiometric Fe or Mn incorporation.

Only relative activities were reported, "equiv" stands for equivalents.

This activity can be explained by Mn present.

As described in section [2](#sec2){ref-type="other"}, the ping-pong mechanism shared by all types of SODs requires that the enzyme's reduction potential (*E*°) fall between those of superoxide oxidation and reduction. This is already a natural feature of the Fe^3+/2+^ couple, so only modest redox tuning is required for the FeSOD protein to bring the Fe^3+/2+^ couple to an optimal *E*°. By contrast, the much higher intrinsic *E*° of the Mn^3+/2+^ couple posed a challenge that evolution solved by repositioning and replacing just a few key residues with only minor changes to the overall structure. To understand how the metal-binding sites of the FeSODs and MnSODs confer SOD activity on each of their respective metal ions, we first introduce the structure of FeSOD and then review its mechanism. The mechanism of MnSOD incorporates additional complexity, as discussed in section [5.3](#sec5.3){ref-type="other"}.

4.2. Structure {#sec4.2}
--------------

As of 2014, the protein data bank contained ∼90 structures of FeSODs and MnSODs. Their monomers have been found to share the same two-domain fold (Figure [13](#fig13){ref-type="fig"}).^[@ref112],[@ref125]^ The C-terminal domain is comprised of three β-sheets surrounded by α-helices wherein two Fe ligands are located in the third β-strand and the loop that follows it. The N-terminal domain is α-helical with the first and the last helices each providing one ligand to the active site Fe. The loop or middle helix shown in Figure [13](#fig13){ref-type="fig"} for *E. coli* FeSOD and MnSOD, respectively, is absent among tetrameric Fe- and/or MnSODs where the corresponding amino acids extend the two main helices and participate in the interface between dimers.

Each monomer of FeSOD contains an active site organized around a single Fe ion. Fe is coordinated in trigonal bipyramidal geometry with the side chains of His73, His160, and Asp156 as the equatorial ligands, and the side chain of His26 and H~2~O (or OH^--^) as its axial ligands (Figure [14](#fig14){ref-type="fig"}, inset). (Numbering of *E. coli* FeSOD will be used throughout this section.) Upon coordination of an azide ligand to oxidized FeSOD, the N(His73)--Fe^3+^--N(His160) angle opens further to accommodate N~3~^--^ and creates a roughly octahedral geometry.^[@ref126]^

![Ribbon structure of *E. coli* FeSOD (top) and close-up view of the active site (bottom) based on the coordinates of Lah et al.^[@cit126a]^ (PDB code: 1ISB). Hydrogen bonds are dashed lines, and coordination bonds are solid lines. Within each monomer, the N-terminal domain is in green and the C-terminal domain is in teal. This figure was generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0026){#fig14}

The OH^--^/H~2~O ligand, which has a slow exchange rate with bulk water,^[@ref127]^ forms hydrogen bonds with the ligand Asp^−^ and the conserved active site Gln that tether it in place (Gln 69 in *E. coli* FeSOD).^[@cit126a],[@ref128]^ Therefore, this OH^--^/H~2~O is considered to be an integral part of the active site, in contrast to Fe-bound labile solvent molecules in various other enzymes, which are replaced by substrates during the catalytic cycles.^[@ref129]^ When the FeSOD iron is oxidized (Fe^3+^), the solvent ligand is believed to be OH^--^, whereas when the iron is reduced (Fe^2+^), the solvent ligand is H~2~O.^[@ref130]^ The same applies to MnSOD.^[@cit130c],[@ref131]^

The OH^--^/H~2~O ligand is linked to a highly conserved hydrogen-bonding network, beginning with Gln69 and including conserved Tyr34 and His30. Tyr34 and His30 connect the OH^--^/H~2~O ligand to bulk water as well as to the site in which substrate binds (Figure [14](#fig14){ref-type="fig"}).^[@cit126a],[@cit130a]^ The active site Gln is hydrogen bonded to the side chains of Asn72 and Trp122. Additional conserved hydrogen bonds link the active site to the interface between FeSOD monomers, which includes a hydrogen bond between active site residues His160 of one monomer and Glu159 of the other, and a hydrogen bond between His30 of one monomer and Tyr163 of the other. As discussed below, this extensive network of interactions tunes the properties of active site residues, and distributes the energetic costs over the rest of the FeSOD structure.

4.3. Catalytic Mechanism {#sec4.3}
------------------------

FeSOD's ping-pong reaction involves alternating reduction and oxidation of the metal ion but acquisition of a proton in both of the two half-reactions (eq [16](#eq16){ref-type="disp-formula"}−eq [17](#eq17){ref-type="disp-formula"}). Proton transfers make critical contributions to the mechanisms of all SODs and SORs because protonation of superoxide is required for it to be readily reduced to peroxide (eq [17](#eq17){ref-type="disp-formula"}).^[@ref132]^ In FeSODs and MnSODs, a proton is acquired by the OH^--^ ligand in conjunction with Fe reduction (eq [16](#eq16){ref-type="disp-formula"}), and release of a proton from the resulting H~2~O ligand then makes a proton available to protonate superoxide (eq [17](#eq17){ref-type="disp-formula"}). Thus, the H~2~O ligand is believed to serve as a local proton donor to nascent peroxide,^[@cit132b],[@ref133]^ with the active site hydrogen-bond network providing a proton relay^[@ref134]^ that mediates proton movement, determines the placement of protons,^[@cit133a]^ and enables the active site to draw upon bulk water for the second proton,^[@ref135]^ which is required for product release (eq [17](#eq17){ref-type="disp-formula"}).^[@ref131],[@ref136]^ As is shown in Scheme [3](#sch3){ref-type="scheme"}, the catalytic mechanism can be broken down into five steps that will be discussed individually below.

### 4.3.1. Step 1: Inner-Sphere Binding of O~2~^•--^ to Fe^3+^SOD {#sec4.3.1}

O~2~^•--^ is considered to coordinate directly to Fe^3+^ in Fe^3+^SOD (inner-sphere binding, Scheme [3](#sch3){ref-type="scheme"}, step 1); as such coordination has been demonstrated for the small anions N~3~^--^, F^--^, and OH^--^.^[@cit126b],[@ref137]^ Moreover, N~3~^--^ and F^--^ are competitive inhibitors of FeSOD, with inhibition constants consistent with their binding to the oxidized state of the enzyme.^[@ref131]^ Azide's *K*~M~ increases at high pH with a p*K*~a~ comparable to that for coordination of OH^--^ to Fe^3+^, indicating that OH^--^ is also a competitive inhibitor.^[@ref131]^ This is consistent with the fact that FeSOD activity diminishes at high pH due to an increase in the *K*~M~ but little effect on *k*~cat~.^[@ref131],[@ref138]^ Thus, in Fe^3+^SOD, inhibition at high pH does not stem from deprotonation of an active site residue, but from the action of OH^--^ itself as a competitive inhibitor.

While the crystal structure of N~3~^--^-ligated FeSOD serves as a model for the oxidized enzyme·substrate complex,^[@ref126]^ N~3~^--^ is 50% larger than O~2~^•--^ and there is evidence that steric conflict with Tyr34 forces N~3~^--^ to bind at an angle that is different from the orientation adopted by O~2~^•--^ (see below). Thus, N~3~^--^ probably does not accurately model the interaction of O~2~^•--^ with amino acids of the active site.

![Mechanism of FeSOD\
Steps 1 and 2 contribute to eq [16](#eq16){ref-type="disp-formula"}, and steps 3, 4, and 5 contribute to eq [17](#eq17){ref-type="disp-formula"}. The individual second-order rate constants for eqs [16](#eq16){ref-type="disp-formula"} and [17](#eq17){ref-type="disp-formula"} are 5.2 × 10^8^ and 5.5 × 10^8^ M^--1^ s^--1^, respectively,^[@ref131],[@ref138]^ for FeSOD from *Photobacterium leiognathi* at pH 8, consistent with steady-state turnover with *k*~cat~/*K*~M~ = 5.2 × 10^8^ M^--1^ s^--1^.^[@ref139]^.](cr-2013-005296_0001){#sch3}

O~2~^•--^ binding may benefit from a synergy between Fe^3+^ coordination and hydrogen bonding from Tyr34. Fe^3+^SOD has a 20-fold higher affinity than does Fe^2+^SOD for F^--^, suggesting that coordination to Fe^3+^ provides the largest contribution to binding energy.^[@cit95b]^ Hydrogen bonding with Tyr34 also favors substrate binding based on the 2--5-fold lower *K*~d~'s displayed by WT-Fe^3+^SOD as compared to Y34F-Fe^3+^SOD for small anions.^[@cit95b]^ Tyr34 acts to exclude anions larger than O~2~^•--^,^[@cit95b]^ as the *K*~d~ for N~3~^--^ binding is 20-fold lower for Y34F-Fe^3+^SOD than for WT Fe^3+^SOD.

SCN^--^, Cl^--^, HCOO^--^, and SO~4~^2--^ are also competitive inhibitors, although they do not coordinate to Fe.^[@ref131],[@ref140]^ It is possible that the noncoordinating anions disrupt substrate binding by sterically blocking part of the binding site and/or by occupying a positively charged region that normally contributes to the electrostatic attraction of superoxide to FeSOD.

### 4.3.2. Step 2: Reduction of Fe^3+^SOD and Release of O~2~ {#sec4.3.2}

Electron transfer from O~2~^•--^ to Fe^3+^ likely occurs rapidly upon binding, and no discrete enzyme·substrate (E·S) intermediate has been observed.^[@ref131]^ Moreover, calculations indicate that O~2~^•--^ coordinated to Fe^3+^SOD(OH^--^) is unstable relative to O~2~ + Fe^2+^SOD(OH~2~) (Scheme [3](#sch3){ref-type="scheme"}, step 2).^[@cit133c]^ A model for the reverse reaction (O~2~ + Fe^2+^SOD(OH~2~) → O~2~^•--^ + Fe^3+^SOD(OH^--^) + H^+^) would be NO + Fe^2+^SOD(OH~2~) → NO^--^ + Fe^3+^SOD(OH^--^) + H^+^, as the product formed from this reaction is best described as Fe^3+^SOD coordinated by NO^--^,^[@ref141]^ analogous to Fe^3+^SOD coordinated by O~2~^•--^ in the forward reaction. The same study also demonstrated that the H~2~O ligand of Fe^2+^SOD released a proton in forming NO^--^·Fe^3+^SOD. This indicates that the forward reaction (Scheme [3](#sch3){ref-type="scheme"}, step 2) involves uptake of a proton by the OH^--^ ligand in conjunction with reduction of Fe^3+^SOD by O~2~^•--^,^[@ref141],[@ref142]^ consistent with the findings of Bull and Fee in the absence of substrate.^[@ref131]^

The active site hydrogen-bond network offers several paths for proton uptake from bulk water, and partial redundancy is revealed by mutagenesis studies of FeSOD and MnSOD.^[@cit135a],[@cit135c],[@cit135d],[@ref143]^ Analogous partial redundancies of amino acid residues putatively involved in proton-transfer were observed in SORs (see section [7](#sec7){ref-type="other"}). Theoretical studies suggest that O~2~^•--^ itself may participate in an active site relay during its fleeting presence as a bound species.^[@cit133c]^ Moreover, a Grotthüss-type proton-hopping relay allows that participating high-p*K*~a~ residues such as Gln69 need not ever be deprotonated, although the identities of protons associated with them may change. Thus, the active site hydrogen-bond network is envisioned as a molecular bucket brigade involving the OH^--^/H~2~O ligand, Gln69, Tyr34, and His30 mediating net acquisition of a proton from bulk water with the specific proton acquired to form the H~2~O ligand deriving from Gln69 (see Figure [14](#fig14){ref-type="fig"}).

The uncharged O~2~ formed as a result of electron transfer is expected to depart readily from the active site because Fe^2+^SOD does not react rapidly with O~2~ in air-saturated buffer (oxidation occurs on a time scale of minutes to hours). This low reactivity with O~2~ is reminiscent of that of SORs (see section [7](#sec7){ref-type="other"}) and contrasts with that of the mononuclear nonheme Fe sites of oxygenase enzymes, in which O~2~ reacts readily with the Fe^2+^ state of the enzyme once the co-substrate is bound (reviewed in refs ([@cit129a],[@ref144])).

### 4.3.3. Step 3: Outer-Sphere Binding of O~2~^•--^ to Fe^2+^SOD {#sec4.3.3}

Early work on FeSOD found that small anions do not coordinate directly to Fe^2+^ even though they do coordinate directly to Fe^3+^.^[@ref145]^ Likely explanations are the lower charge of Fe^2+^ and that Asp^--^ becomes the dominant ligand when protonation of the OH^--^ ligand converts it to the weaker ligand H~2~O, and Asp^--^ discourages ligand binding in the empty site via the *trans* effect. There are good reasons why evolution might favor an active site that does not employ inner-sphere O~2~^•--^ binding to Fe^2+^. If the site favored coordination of anions to Fe^2+^, then HO~2~^--^ could do so and might engage in Fenton chemistry, generating ROS.^[@ref146]^ FeSOD is inactivated by treatment with H~2~O~2~, but only slowly.^[@ref147]^

Positive evidence for outer-sphere binding of anions to Fe^2+^SOD was obtained by monitoring the NMR signals of active site residues when the protein was titrated with F^--^.^[@cit95b]^ Effects on the backbone ^13^C and ^15^N resonances were limited to residues near Tyr34,^[@ref148]^ so F^--^ was proposed to bind Tyr34. ^1^H NMR chemical shift changes for residues throughout the active site were very similar to those produced by deprotonation of Tyr34 and were therefore attributed to changes in the hydrogen-bonding network.^[@ref149]15^N NMR spectra showed that the side chain of Gln69 also responds to F^--^ binding, consistent with the presence of a hydrogen bond between Gln69 and Tyr34.^[@ref150]^

Tyr34's phenolic OH interacts favorably with small anions (F^--^) but restricts access of larger anions to the active site (N~3~^--^), as the *K*~d~ for F^--^ was higher in Y34F-Fe^2+^SOD than in WT but the *K*~d~ for N~3~^--^ was lower.^[@cit95b]^ Thus, Tyr34 provides steric selectivity. In addition, ionization of Tyr34 prevents small anion binding, as Y34F-Fe^2+^SOD binds F^--^ independent of pH but WT-Fe^2+^SOD ceases to bind F^--^ at high pH.^[@cit95b],[@ref149]^ Although no pH equilibrium affecting the Fe^2+^ of Fe^2+^SOD could be detected by Mössbauer spectroscopy,^[@cit145b]^ a p*K*~a~ close to that of the oxidized state was inferred on the basis of elegant work by Bull and Fee.^[@ref131]^ Indeed, ^1^H NMR as a function of pH revealed an active site p*K*~a~ of 8.5 ± 0.1,^[@ref149]^ which was identified with deprotonation of Tyr34-based ^13^C NMR of Fe^2+^SOD incorporating ^13^C in the ζ position of Tyr side chains.^[@cit130c],[@ref143]^ Thus, although high pH decreases the efficiency of substrate binding in both oxidation states, this reflects different events in the two cases.^[@ref151]^

### 4.3.4. Step 4: Reduction of O~2~^•--^ by Fe^2+^SOD and First Protonation of the Resulting Peroxide Dianion {#sec4.3.4}

Liberation of a proton from the H~2~O ligand as Fe^2+^ becomes oxidized injects a proton into the hydrogen-bonding network at the very time at which protonation of O~2~^•--^ will favor its reduction to peroxide.^[@cit130c],[@ref152]^ These two events are likely to be very strongly coupled because the labile proton of the H~2~O ligand is only two bonds away from Fe. In simple complexes, the p*K*~a~ of a coordinated water molecule decreases by 7 upon oxidation of Fe^2+^ to Fe^3+^, corresponding to a coupling of 40 kJ/mol.^[@ref153]^ We hypothesize that proton transfer to nascent peroxide to form HOO^--^ could compete with formation of an inner-sphere Fe^3+^--peroxo complex if the proton is transferred to the O closest to Fe (Scheme [3](#sch3){ref-type="scheme"}, step 4).

The position at which O~2~^2--^ becomes protonated first is a critical question and remains unsolved. Calculations of the reactions of MnSOD found that hydroperoxide would become stably bound to Mn^3+^ if the distal O of superoxide was protonated as it was being reduced to peroxide; however, if the O atom of superoxide closest the Mn^3+^ were protonated first, the hydroperoxide anion would accept a hydrogen bond from Tyr34 rather than coordinating to Mn^3+^. Tyr34 then donates a proton to HO~2~^--^, leading to formation of H~2~O~2~, if the nearby water molecule between Tyr34 and His30 is included in the model.^[@ref154]^ We hypothesize in Scheme [3](#sch3){ref-type="scheme"}, step 4 that FeSOD may be analogous to MnSOD in this respect, with formation of hydroperoxide anion hydrogen bonded to Tyr34 favored over formation of a stable Fe^3+^--hydroperoxide complex, due to protonation of the peroxo oxygen closest to the Fe center before protonation of the distal O. On the basis of a spectroscopically validated computational model for Fe^3+^SOD coordinated by NO^--^,^[@ref141]^ and assuming a similar geometry for peroxide (albeit not directly coordinated to Fe^3+^), the peroxide O nearer the Fe would be a little over 2.7 Å from the O of the OH^--^/H~2~O ligand. Thus, rapid and efficient proton transfer should be possible. In this scenario, the distal O of hydroperoxide anion is situated between the phenolic O atom of Tyr34 and the His30 side chain. On the basis of an estimated p*K*~a~ near 10, Tyr34 would donate a proton to the hydroperoxide anion (p*K*~a~ of 11.6)^[@ref155]^ to form H~2~O~2~. Alternatively, if the distal O were protonated first, one might expect to observe formation of an inner-sphere peroxo intermediate as observed for MnSOD (see section [5](#sec5){ref-type="other"}). Although experiments seeking inner-sphere Fe^3+^--peroxo intermediates have been performed, none has been detected.

### 4.3.5. Step 5: Protonation of Hydroperoxide and Departure from the Active Site {#sec4.3.5}

Product release is believed to be the rate-limiting step,^[@ref131]^ yet it is still not well understood. Reduction of O~2~^•−^ (eq [17](#eq17){ref-type="disp-formula"}) was found to be slower than the oxidation of O~2~^•−^ (eq [16](#eq16){ref-type="disp-formula"}) in FeSOD, and the rate-limiting step was considered to be a chemical reaction because the enzyme can be saturated.^[@ref131]^ Moreover, the fact that *k*~cat~ displays a kinetic solvent isotope effect indicates that a step involving a solvent-exchangeable proton is rate limiting.

Because *K*~M~ increases at basic pH values (see above) but *k*~cat~ does not, the donor of the rate-limiting proton must remain protonated up to pH 11 at least. The H~2~O ligand of the reduced enzyme satisfies this criterion, as does Tyr34 when hydrogen bonded to an anion. Moreover, acidic buffers able to donate a proton provided only weak rate acceleration, indicating that the rate-limiting step is substantially internal proton transfer.^[@ref136]^ The sum of the evidence is consistent with transfer of a proton from Tyr34 (and His30) to peroxide as the rate-limiting step, but further experiments are required to resolve this important question and permit comparison of the mechanism of FeSOD with that of MnSOD.^[@cit130c],[@cit133b]^ Being neutral, H~2~O~2~ is not expected to remain in the active site, and abundant small anions present at physiological ionic strengths could aid in its displacement from the anion-binding pocket.

### 4.3.6. Peroxidative Reaction {#sec4.3.6}

Although H~2~O~2~ is a product of the reaction catalyzed by SODs, many FeSODs react with sub-millimolar H~2~O~2~ with the result being enzyme inactivation accompanied by the oxidation of Trp residue(s);^[@cit147b],[@cit147c],[@ref156]^ additional loss of Fe^[@cit147b]^ and oxidation of His and Cys^[@cit147a]^ may also occur. Inactivation has been demonstrated for the FeSODs of *Pseudomonas ovalis*,^[@cit147a]^*E. coli*,^[@cit147c]^ and *Porphyromonas gingivalis*.^[@cit156a]^ Nevertheless, the peroxidative reaction of FeSOD is relatively slow, with a second-order rate constant of only 0.4 M^--1^ s^--1^ for *P. gingivalis*([@cit156a]) and 0.6 M^--1^ s^--1^ for *E. coli*([@cit147c]) FeSODs at pH 7.8, thus allowing FeSODs to provide biologically effective defense against superoxide even in the presence of low levels of H~2~O~2~.

If a SOD is inactivated by H~2~O~2~, it is often claimed that the SOD must be an FeSOD or a CuZnSOD and, if it is not inactivated by H~2~O~2~, that it must be a MnSOD (or NiSOD).^[@cit156b],[@ref157]^ However, it should be noted that there are several examples of Fe-supported SOD activity that is not sensitive to H~2~O~2~.^[@ref158]^ So far, these have corresponded to cambialistic Fe/MnSODs from archaea or actinobacteria and related bacteria.

The first reaction between Fe^3+^SOD and H~2~O~2~ is reduction of the Fe^3+^.^[@ref139],[@cit147c],[@cit158b]^ After that, the peroxidative reaction of FeSODs likely follows a mechanism similar to that of Fenton chemistry, with Fe^2+^SOD reducing hydrogen peroxide to produce OH^--^ and metal-bound hydroxyl radical, ^•^OH·Fe^3+^SOD, which may be better described as ferryl oxygen, O=Fe^4+^ (+H^+^).^[@cit146b]^ The observed outcome is believed to represent the product of ensuing very rapid reactions with the protein such as, for example, oxidation of a Trp side chain. The participation of Fe in this series of reactions has been demonstrated by the fact that apo-FeSOD, unlike holo-FeSOD, does not suffer loss of spectroscopic signatures of Trp side chains in the presence of H~2~O~2~.^[@cit147b],[@cit158b]^

Optical changes occurring on the same time scale as the loss of activity in the holo-enzyme have been interpreted as loss of the spectral contribution of Trp and gain of spectral contributions from oxidized products of Trp.^[@ref147]^ Trp158 was deduced to be a principal target of modification, and the product was proposed to be *N*-formylkynurenine based on its mass^[@cit156a]^ and the spectral changes.^[@cit147c]^ Trp158 is present in almost all FeSODs and MnSODs, and its side chain lies within 5 Å of the Fe, making it a plausible casualty of Fe-catalyzed Fenton reactions and making it likely that covalent modification of Trp158 would disrupt active site structure and function.

It has also been proposed that Trp71 is modified as part of inactivation by H~2~O~2~, and Beyer and Fridovich reported that 4.5 Trp per FeSOD monomer were modified in the course of enzyme inactivation by H~2~O~2~.^[@cit147b]^ It is interesting to note, however, that an FeSOD possessing a Tyr in place of Trp71 is also sensitive to H~2~O~2~.^[@ref159]^ The ambiguity with respect to the residue(s) modified is possibly a consequence of the high and nonspecific reactivity expected from hydroxyl radicals, in conjunction with the fact that oxidizing equivalents are known to be able to move between aromatic side chains,^[@ref160]^ leading to a distribution of oxidation products.

The reactions of H~2~O~2~ with Fe-substituted MnSOD (Fe(Mn)SOD) have potential physiological relevance because human Fe(Mn)SOD was found to have H~2~O~2~-based radical generating ability analogous to that observed for CuZnSOD but absent in the native MnSOD.^[@ref161]^ Thus, human Fe(Mn)SOD in 0.5 mM H~2~O~2~ mediated oxidation of ABTS (2,2′-azinobis-(3ethylbenzthiazoline-6-sulfonate), with reaction rates roughly 1/10th the rate observed for CuZnSOD.^[@ref161]^ Fe(Mn)SOD is produced in *E. coli* when Fe is abundant but Mn is not,^[@ref162]^ and in yeast under conditions that disrupt Fe homeostasis.^[@ref163]^ Even human mitochondria are known to accumulate anomalously high Fe levels under conditions of X-linked sideroblastic anemia^[@ref164]^ or ferritinopathy,^[@ref165]^ raising the possibility that some Fe(Mn)SOD is formed. Thus, Fe(Mn)SOD's reactivity with H~2~O~2~, in addition to its lowered SOD activity, could increase the severity of oxidative stress.^[@ref166]^

4.4. Redox Tuning {#sec4.4}
-----------------

### 4.4.1. Fe and Mn Are Similar But Not Fully Interchangeable {#sec4.4.1}

Fe and Mn are neighbors in the periodic table and have similar ionic radii in both the 3+ and the 2+ states (Table [5](#tbl5){ref-type="other"}), so it is not surprising that *E. coli*'s (Fe)SOD and (Mn)SOD proteins can each bind either Fe or Mn. Indeed, Fe(Mn)SOD (Fe-substituted MnSOD) can be produced in vivo in *E. coli*,^[@ref162]^ especially by overexpressing the (Mn)SOD protein under regulation of a non-native promoter, because its native promoter suppresses expression in the presence of Fe.^[@ref167]^ Whittaker succeeded in measuring stabilities of (Mn)SOD protein and MnSOD as well as Fe(Mn)SOD and determined that *K*~d~ = 0.3--3 nM for Mn^2+^, 2 × 10^--9^ nM for Mn^3+^, 25 nM for Fe^2+^, and 5 × 10^--10^ nM for Fe^3+^.^[@ref168]^ Thus, (Mn)SOD protein has comparable affinities for the two 3+ metal ions, with the 2+ ions, especially Fe^2+^, binding much more weakly. Nevertheless, binding is sufficiently tight that this is unlikely to be a basis for selective production of correctly metalated enzymes,^[@ref169]^ considering that the intracellular concentrations of Fe and Mn in *E. coli* are estimated to be on the order of micromolar to tens of micromolar under normal circumstances.^[@ref169]^ The generally greater abundance of Fe in bacteria that do not actively accumulate Mn can explain the formation of some Fe(Mn)SOD when *E. coli* cells are grown in Fe-rich medium.^[@ref170]^

###### Ionic Radii and Midpoint Potentials of 3+/2+ Couples of Analogous Complexes of Fe and Mn[a](#t5fn1){ref-type="table-fn"}

  property/metal                                                                                       Mn         Fe
  ------------------------------------------------------------------------------------------------ ---------- ----------
  ionic radius of 3+ state (pm)                                                                     78.5 pm    78.5 pm
  ionic radius of 2+ state (pm)                                                                      97 pm      92 pm
  *E*°′ of (H~2~O)~6~ complex[b](#t5fn2){ref-type="table-fn"}                                        1.51 V     0.77 V
  *E*°′ of EDTA complex[c](#t5fn3){ref-type="table-fn"}                                              0.83 V     0.10 V
  *E*° of LM(H~2~O)(OH^--^), M = Mn, Fe                                                              0.42 V     0.05 V
  L = 2,6-diacetylpyridinebis(semioxamazide) = dapsox, at pH 7.8[d](#t5fn4){ref-type="table-fn"}              
  *E*° of LM(OH^--^), M = Mn, Fe                                                                    --1.51 V   --1.79 V
  L = N\[CH~2~CH~2~NC(O)NHC(CH~3~)~3~\]~3~ (in DMSO vs Fc^+/0^)[e](#t5fn5){ref-type="table-fn"}               
  *E*° of (Fe)SOD at pH 7.4[f](#t5fn7){ref-type="table-fn"}^,^[g](#t5fn8){ref-type="table-fn"}       \>0.9       0.1
  (Mn)SOD at pH 7.8[g](#t5fn8){ref-type="table-fn"}^,^[h](#t5fn9){ref-type="table-fn"}                0.3       --0.25

All midpoint potentials are in water and reported vs NHE unless stated otherwise.

Reference ([@ref171]).

Reference ([@ref172]).

Reference ([@ref173]).

Reference ([@ref174]).

Reference ([@cit74a]).

Because of the slow equilibration of SOD with mediators, on the order of hours, the titrations should be considered to be in quasi-equilibrium only, and the obtained midpoint potentials are therefore only ± ∼50 mV.^[@cit74a],[@ref131],[@ref175]^

Reference ([@cit75a]).

Despite each protein's ability to bind the other metal ion, many Fe(Mn)SODs and Mn-substituted FeSODs (Mn(Fe)SODs) are virtually inactive in the standard catalytic assay.^[@ref104]^ As early as 1976, it was shown that the Mn ion in *E. coli* MnSOD protein could be replaced by diverse metal ions, including Co, Ni, Zn, or Fe,^[@ref124]^ and that Fe in *E. coli* FeSOD protein could be replaced by many of the same, as well as Cd, Cr, and Mn.^[@ref176]^ However, in each case, activity was only recovered with the native ion, that is, Mn but not Fe for *E. coli* MnSOD and Fe but not Mn for *E. coli* FeSOD. Indeed, *E. coli* possesses separate FeSOD and MnSOD genes that encode structurally homologous proteins, which nonetheless only share 43% identity at the amino acid sequence level. Evidently evolution has selected different amino acids to activate different metal ions in SOD, despite retention of the same overall structure.

Experiments on FeSOD and MnSOD have therefore sought to learn what features of the protein and the metal ion are needed for the system to go beyond metal ion binding, to reactivity. Because both metal ions can execute SOD chemistry in their corresponding proteins and both proteins support it, the defect in the metal-swapped SODs must lie in interactions between the metal ion and the protein.^[@ref177]^ Indeed, a mismatch between the redox tuning applied by the protein and the intrinsic *E*° of the metal ion can explain the inactivity of metal-swapped SODs.

### 4.4.2. Explaining the Inactivity of Metal-Substituted *E. coli* FeSOD and MnSOD {#sec4.4.2}

SOD reactivity is subject to the thermodynamic requirement that the *E*° of the bound metal ion be between the potentials of the two superoxide half-reactions, ideally midway between them near 0.36 V.^[@ref178]^ However, for analogous complexes of Mn and Fe, the *E*° of the high spin 3+/2+ couple is generally 300--500 mV higher for the Mn version (Table [5](#tbl5){ref-type="other"}).

These very different intrinsic *E*°'s would require their SOD proteins to make different adjustments to produce a midpoint potential near 0.36 V as required for the active holoenzyme.^[@cit74a]^ The *E*° of Fe for the 3+/2+ couple (for the high-spin hexa-aquo complex) is near 0.77 V, but that of Mn is near 1.5 V (Table [5](#tbl5){ref-type="other"}). Thus, both proteins must depress the *E*° of the bound metal ion (via coordination of the negatively charged Asp^--^ ligand and electron-rich His ligands), but the MnSOD protein must depress the *E*° of its bound metal ion by an additional ∼0.4 V (Figure [15](#fig15){ref-type="fig"}). This redox-tuning model predicts that Fe(Mn)SOD, in which the low *E*° metal ion is bound by the more *E*°-depressing protein, should have a *E*° much lower than those of the native SODs. Conversely, Mn(Fe)SOD, in which the high-*E*° metal ion is bound by the less *E*°-depressing active site, should have an *E*° much higher than either of the native enzymes (Figure [15](#fig15){ref-type="fig"}).^[@ref177],[@ref179]^ Experiments showed that the *E*° of Fe is ∼0.3 V higher when Fe is bound in *E. coli* FeSOD protein than when it is bound in the *E. coli* MnSOD protein, and the *E*° of Mn is ∼0.5 V higher when Mn is bound in the FeSOD protein than when it is bound in the MnSOD protein.^[@cit74a],[@cit75a]^ Indeed, *E. coli* Mn(Fe)SOD is fully reduced as-isolated, whereas *E. coli* MnSOD is generally substantially oxidized.^[@cit75a]^

![Cartoon of the differential redox tuning by the (Fe)SOD and (Mn)SOD proteins and its effects on the Fe and Mn high-spin 3+/2+ couples (adapted from refs ([@ref179],[@ref192]) with *E*°'s drawn from refs ([@ref3],[@cit74a],[@cit75a])). Orange squares depict the (Fe)SOD protein and violet circles represent the (Mn)SOD protein; the corresponding metal ions are shown as red squares or purple circles. Apo-proteins lack the symbol for the metal ion. Reduction potentials vs NHE are marked on the vertical axis, and the protein--metal ion complexes or hexaaquo complexes are positioned vertically in accordance with this scale.](cr-2013-005296_0027){#fig15}

The redox-tuning explanation for metal ion activity predicts that each metal-substituted SOD will lack activity for one half reaction but retain it for the other, with Fe(Mn)SOD predicted to retain the ability to reduce O~2~^•--^ (based on its predicted low *E*°) but lacking catalytic activity due to an inability to accept electrons from O~2~^•--^ (active in eq [17](#eq17){ref-type="disp-formula"} but not eq [16](#eq16){ref-type="disp-formula"}). Experiments confirmed that Fe(Mn)SOD could bind substrate and mediate both electron and proton transfer to O~2~^•--^, lacking only ability to accept an electron from it.^[@cit74a]^ Conversely, Mn(Fe)SOD could not be oxidized by O~2~^•--^ (although, in this instance, binding of F^--^ and N~3~^--^ and therefore possibly O~2~^•--^ too was compromised).^[@cit75a]^ The redox tuning explanation was additionally supported by a study showing that mutation of *Porphyromonas gingivalis* SOD that produces a higher *E*° for bound metal ion also results in elevation of Fe-supported activity but diminution of Mn-supported activity.^[@ref180]^ Although the optical and EPR spectra of *E. coli* FeSOD and Fe(Mn)SOD display distinctions,^[@cit135a],[@ref181]^ the geometric and electronic structures of their active sites are overwhelmingly similar, and the very different *E*°'s must be the consequence of some other differences.^[@ref182]^ Analogous conclusions were drawn from similar detailed comparisons of *E. coli* MnSOD and Mn(Fe)SOD.^[@cit75a],[@ref183]^

The inactivity of Fe(Mn)SOD has been attributed to other causes.^[@cit135a],[@ref184]^ Diverse Fe^3+^(Mn)SODs were shown to have elevated affinities for small anions,^[@cit135a],[@ref185]^ consistent with replacement of Mn^3+^ by Fe^3+^ and the higher affinity of Fe^3+^ for a sixth ligand.^[@ref120],[@cit135a],[@ref185]^ However, competitive inhibition by OH^--^ binding as a sixth ligand does not suffice to explain the lower activity of Fe(Mn)SOD because higher affinity for anions should also extend to O~2~^•--^, which would therefore retain ability to compete with OH^--^ for binding to the Fe^3+^(Mn)SOD site just as it does for the Fe^3+^SOD site.

A difference in redox tuning can also explain Fe(Mn)SOD's low but significant activity at low pH, because the *E*° will rise as pH drops (60 mV/pH unit for a redox reaction in which one proton is acquired per electron). Thus, at pH 6, 1.8 pH units below the pH used in the standard assay, the depressed *E*° of Fe(Mn)SOD will benefit from a ∼110 mV boost for proton-coupled reduction, improving its ability to perform the limiting half reaction, eq [16](#eq16){ref-type="disp-formula"}. This is consistent with the −0.24 V *E*° measured for Fe(Mn)SOD, which, while much lower than that of FeSOD, is only a little lower than the midpoint of the first half reaction (−0.18 V), so a ∼110 mV boost would bring the *E*° of Fe(Mn)SOD into the range in which it would recover competence for eq [16](#eq16){ref-type="disp-formula"}. Thus, different redox tuning can explain the different metal ion requirements for activity for the FeSODs and MnSODs that have been studied, although quantitative characterizations have so far focused only on the FeSOD and MnSOD of *E. coli*.

### 4.4.3. Mechanism of Redox Tuning in FeSOD: Gln69 {#sec4.4.3}

Fundamentally, tuning the *E*° corresponds to changing the stability of one participating oxidation state relative to the other. In simple metal ion complexes, this is commonly accomplished by modifying the coordination sphere. However, the origin of the different tuning applied by the *E. coli* (Fe)SOD and (Mn)SOD proteins is not predominantly coordination geometry or other interactions whose energies would depend on the electronic configuration, because the (Mn)SOD protein produces much lower *E*°s for both metal ions, even though Fe goes from d^5^ to d^6^ configuration upon reduction, whereas Mn goes from d^4^ to d^5^. Indeed, the two active sites are virtually superimposable.

Enzyme catalytic sites are often buried within proteins to exclude water and the low dielectric magnifies energies associated with charge. Thus, changes in charge can be very destabilizing. Buried metal sites often circumvent this cost by acquiring a proton in conjunction with metal ion reduction. In such cases of proton-coupled electron transfer, the measured *E*° reflects the energy associated with proton acquisition as well as the ease of reducing the metal ion. This emerged as a proposed basis for the different redox tuning in (Fe)SOD versus (Mn)SOD because the two proteins and coordination spheres are overwhelmingly similar in other respects. Therefore, it was proposed that the ease of protonating the ligand OH^--^ was different in these two SOD proteins.

Although seemingly small, the protonation state of the OH^--^/H~2~O ligand has the capacity to affect strongly the reduction potential of the metal site because coordinated OH^--^ will favor the oxidized state of the metal ion much more than coordinated H~2~O, for both Fe and Mn (Figure [16](#fig16){ref-type="fig"}).^[@cit130b]^ Thus, a protein able to stabilize the OH^--^ state of this ligand will de facto stabilize Mn^3+^ over Mn^2+^ and lower the *E*°. This mechanism is most effective when proton transfer is coupled to electron transfer. Because this is the case for both FeSOD^[@ref131]^ and MnSOD,^[@cit130c]^ both of these proteins have the possibility of tuning the metal ion's *E*° via modulation of the energy associated with proton uptake, that is, changing the p*K*~a~'s of the OH^--^/H~2~O ligand in the reduced and oxidized states (Figure [16](#fig16){ref-type="fig"}).^[@cit74a],[@cit130c]^ This proposal is supported by recent theoretical studies showing that the energy of electron acquisition for Fe is −0.54 eV in FeSOD but −0.49 eV in Fe(Mn)SOD.^[@cit182a]^ The 0.05 V difference is less than 20% of the observed difference. However, the calculated p*K*~a~'s of the two reduced states differ by 7.7 pH units or 0.46 V.^[@cit182a]^ This is more than sufficient to account for the observed ∼0.3 V difference between the reduction potentials of FeSOD and Fe(Mn)SOD.

![Thermodynamic cycle of metal ion reduction coupled to proton transfer for the example of Fe^3+^SOD, where L is the SOD protein. The energy associated with reduction of Fe^3+^ coordinated to the protonated form of an acidic ligand is considered in the form of the reduction potential *E*°~AH~; the corresponding potential for Fe^3+^coordinated to the deprotonated form of the ligand is *E*°~A~^--^; the energy for protonation of the ligand is considered in the form of p*K*~a~'s: p*K*~a~^ox^ for the case where the Fe is oxidized and p*K*~a~^red^ for the case where the metal ion is reduced.](cr-2013-005296_0028){#fig16}

The p*K*~a~ of the OH^--^/H~2~O ligand will depend on the two hydrogen bonds in which this ligand participates (Figure [14](#fig14){ref-type="fig"}). The hydrogen bond to the ligand Asp^--^ is within the metal ion coordination sphere and therefore does not bring outside influences to bear upon the OH^--^/H~2~O. However, the OH^--^/H~2~O ligand is coupled to the protein matrix by the hydrogen bond with Gln69 of FeSOD (or Gln146 of MnSOD, *E. coli* numbering). This glutamine side chain is itself engaged in three hydrogen bonds, which tie Gln69's position and orientation to other elements of FeSOD's secondary structure (Tyr34) and even the other domain of the monomer (Trp122) (Figure [14](#fig14){ref-type="fig"}). Thus, Gln69 is the focal point of a network of hydrogen bonds that connects the OH^--^/H~2~O ligand to diverse portions of SOD's structure and allows the protein to modulate the strength of the hydrogen bond with Gln69. In human MnSOD, mutation of the active site Gln to Glu results in a 14 °C increase in the *T*~m~,^[@cit135c]^ demonstrating that Gln does not provide optimal stability. Gln's conservation must therefore stem from a different contribution to the active site that is sufficiently important to be sustained despite a cost to stability. Mutations of the Gln of *E. coli* MnSOD have shown that this residue has striking consequences for metal ion binding and function^[@cit135b]^ and confirmed the importance of this residue for redox tuning.^[@ref186]^

Finally, the active site Gln derives from different locations in the structures of *E. coli* FeSOD and MnSOD,^[@ref187]^ and this distinction is the most consistently conserved difference between FeSODs and MnSODs in general.^[@ref188]^ Specifically, the active site Gln derives from a helix in the N-terminal domain of FeSOD (position 69 in *E. coli*), but from a loop between β strands in the C-terminal domain of MnSOD (position 146 in *E. coli*).^[@cit187b]^

If the Gln is to depress the *E*° more in MnSOD than it does in FeSOD, by favoring the OH^--^ state of the OH^--^/H~2~O ligand, it should donate a stronger hydrogen bond to the OH^--^/H~2~O ligand in (Mn)SOD protein than in the (Fe)SOD protein. In fact, when the Fe^2+^-containing versions of these two proteins were compared, the paramagnetic shift of the Gln side chain of Fe^2+^(Mn)SOD was almost twice as large as that of the Gln of Fe^2+^SOD, demonstrating that the Gln146 side chain of Fe^2+^(Mn)SOD is more strongly coupled to Fe^2+^ than is Gln69 of Fe^2+^SOD, in turn supporting the proposal that the Gln of (Mn)SOD protein forms a stronger hydrogen bond to the OH^--^/H~2~O ligand than does the Gln of the (Fe)SOD protein. This is consistent with the model that the difference in the *E*° tuning applied by these proteins derives from different modulation of the protonation state of the OH^--^/H~2~O ligand by the active site Gln. This model provides a chemical basis for the proposals that the preservation of an active site Gln, but in a different position, could be related to metal ion specificity.^[@ref187],[@ref189]^

If strong hydrogen-bond donation to the OH^--^/H~2~O ligand depresses the *E*°, then replacing it with weak hydrogen-bond donation should allow the *E*° to rise, and enforced hydrogen-bond acceptance by residue 69 should cause the *E*° to rise much more. Histidine is a conservative replacement for glutamine, but the crystal structure showed that the former lacks the hydrogen bonds with Trp122 and Asn72 that enforce the orientation of Gln69, with the result that His69 is able to orient itself to either donate or accept a hydrogen bond^[@cit74b]^ and thus minimize the energetic costs of changes in the protonation state of the OH^--^/H~2~O ligand.^[@cit182b],[@ref190]^ Indeed, the His69 was shown to accept a hydrogen bond from the ligand H~2~O instead of donating one in *E. coli* Q69H-Fe^2+^SOD,^[@ref150]^ and the *E*° rose by 0.25 V, an amount large enough to mitigate the different intrinsic *E*°'s of Fe versus Mn (Figure [17](#fig17){ref-type="fig"}).

![Retention of overall structure by the active sites of four FeSODs and MnSOD variants that have *E*°'s spanning \>0.9 V. Magenta, *E. coli* Fe(Mn)SOD (PDB code: 1VEW);^[@ref184]^ yellow, *E. coli* WT Fe^3+^SOD (PDB code: 1ISB);^[@cit126a]^ orange, *E. coli* Q69HFeSOD (PDB code: 1ZA5);^[@cit74b]^ red, *E. coli* Q69E-FeSOD (PDB code: 2NYB).^[@ref191]^ Dashed lines indicate hydrogen-bond donation from Gln146 to the OH^--^ ligand of MnSOD in blue and hydrogen-bond acceptance by the Glu69 of Q69E-FeSOD from the H~2~O ligand in red.](cr-2013-005296_0029){#fig17}

Mutation of Gln69 to Glu increased the *E*° of *E. coli* FeSOD by \>0.66 V.^[@cit74b]^ Glu acts as an obligatory hydrogen-bond acceptor when deprotonated and stabilizes the reduced state's H~2~O ligand with a strong hydrogen bond, in contrast with Gln, which donates a weak hydrogen bond favoring coordinated OH^--^ (Figure [17](#fig17){ref-type="fig"}).^[@cit182a],[@ref191]^ In addition, oxidized Q69E-Fe^3+^SOD coordinates OH^--^ as a sixth ligand at neutral pH, indicating that nearby Glu69 is protonated even at neutral pH, imposing an energetic cost on the oxidized state.^[@ref191]^ Finally, it was determined that the Glu69 of *E. coli* Q69E-FeSOD could serve as a built-in source of the proton taken up by the OH^--^ ligand upon reduction of Fe. This would constitute a considerably lower energetic cost than obtaining a proton from water as in WT-FeSOD and further favor reduction of the Fe.^[@ref191]^ Thus, the effects of mutating Gln69 of *E. coli* FeSOD demonstrate that this residue exerts a strong influence on the *E*° of the metal ion, and the observed effects are consistent with a model in which the protein modulates the degree to which the OH^--^/H~2~O ligand is protonated, and protonation of this ligand is required for reduction of the metal ion.

These studies have shown that proteins can exert a very large influence on the *E*°s of bound metal ions by modulating energies associated with proton uptake that is coupled to metal ion reduction. The \>0.66 V change in *E*° resulting from mutation of a single second-sphere residue is remarkable in that it was accompanied by only minor effects on the structure of the protein and active site despite its large effect on Fe reactivity. Thus, FeSOD provides us with an unusually striking example of a little-appreciated mechanism of redox tuning that bridges the gap between proteins and metal centers. Side chains such as those of Gln, Asn, Glu, Asp, and His can simultaneously hydrogen bond with several different residues and propagate tension in any one hydrogen bond to other hydrogen-bonding partners, leading to changes in the *E*° of FeSOD by hundreds of millivolts in response to substitutions that are normally considered conservative (Gln → His) or are isosteric and isoelectronic but change the intrinsic p*K*~a~ of the residue (Gln → Glu). Even changes to third-sphere residues that surround the Gln produce significant changes in the *E*° by modifying the position or polarization of Gln69.^[@ref180]^ The structure of FeSOD and MnSOD separates metal binding by conserved first-sphere residues that also provide a baseline for the value of *E*°, from strong differential redox tuning delivered by the second sphere by virtue of an exceptionally tunable ligand: OH^--^/H~2~O. This combination of robust metal binding with malleable redox tuning has allowed this family of SODs to evolve to support redox activity with either of two different metal ions,^[@ref192]^ a feat shared by only a few other redox-active enzymes.^[@ref193]^

4.5. Evolution of FeSODs and MnSODs {#sec4.5}
-----------------------------------

### 4.5.1. Overview {#sec4.5.1}

The sections that follow describe how amino acid sequence similarities among Fe- and/or MnSODs are remarkably consistent with what is known about the evolution of eukaryotic cells as well as the major branches of the tree of life. Mitochondrial MnSOD can be traced back to the archaeal origin of eukaryotic cells, chloroplast FeSOD to cyanobacterial origin and protist FeSOD to bacterial origin (of possibly more than one type, and possibly via lateral gene transfer). The conservation of SODs across the domains of life indicates that FeSODs and MnSODs existed as distinct types evolving independently before the emergence of eukaryotes, because these two clusters separately (Figure [18](#fig18){ref-type="fig"}). Distinct FeSODs and MnSODs appear to have arisen even before divergence of major branches of bacteria, or moved among branches by lateral gene transfer.^[@cit188a],[@ref194]^ However, FeSODs remain the most widely dispersed, consistent with a very early origin.^[@ref195]^

### 4.5.2. Evolution of Bacterial FeSODs and MnSODs {#sec4.5.2}

FeSOD is considered to be the most ancient of the SODs on the basis of its presence in all domains of life, including bacteria believed to be exceedingly primitive.^[@cit113b],[@cit114a],[@ref195],[@ref196]^ The use of Fe was natural given the early bioavailability of Fe and that Fe's intrinsic *E*° is within the range required for disproportionation of O~2~^•--^. However, rising O~2~ abundance increased the costs of Fe acquisition and toxicity, allowing other versions of SOD to be favored. The resulting bacterial MnSODs are more closely related to each other than they are to the FeSODs, which many bacteria retain in addition to a MnSOD (Figure [18](#fig18){ref-type="fig"}).^[@ref197]^ Thus, the evidence indicates that most characterized bacterial MnSODs descend from a single ancient divergence. Early genes for MnSOD could have dispersed by lateral gene transfer,^[@ref194],[@ref198]^ which has affected one-third of bacterial genes by one estimate,^[@ref199]^ especially genes for proteins (such as MnSOD) that are not part of multiprotein assemblies.

![Unrooted dendogram of 53 members of the FeSOD and MnSOD family wherein branches are colored as follows (clockwise from top left): blue for mitochondrial MnSODs, magenta for archaeal SODs, teal for actinobacterial SODs, pink for bacterial MnSODs, light green for cyanobacterial FeSODs, dark green for FeSODs of plants and green algae, red for FeSODs of protists, and orange for FeSODs of bacteria. Sequences were chosen to represent diverse groups of organisms and different metal specificities.^[@cit188c]^ BLAST searches of the nonredundant database of the National Center for Biotechnology and Information (NCBI) were used to identify additional SOD sequences from weakly represented groups, and, in those cases in which sequences were very similar, only one exemplar was retained, the one for which the best information on metal ion use was available. Where possible, for bacterial and archaeal SODs especially, the identity of an SOD as Fe-dependent versus Mn-dependent was sought in primary literature, and the means by which its metal ion identity was determined is listed as "Anal" for direct analysis via atomic absorption or another spectroscopic method, or "H~2~O~2~" when it was inferred on the basis of the SOD's sensitivity or resistance to inactivation by H~2~O~2~ and a reference is provided. Some Fe/MnSODs are included, but given that the motivation of this exercise was to identify residues that correlate differentially with Fe or Mn use, others are described via Table [4](#tbl4){ref-type="other"} instead. The tree was displayed and colored using the interactive tree of life server hosted by the European Molecular Biology Laboratory.^[@ref400]^ The multiple sequence alignment upon which it is based was generated using MUSCLE^[@ref401]^ (in the "full" most stringent mode) for up to 16 interactions, as accessed via Phylogeny.fr hosted by the Centre National de la Recherche Scientifique.^[@ref402]^ The alignment was curated using Gblocks^[@ref403]^ at the most stringent setting (not allowing many contiguous nonconserved positions), and the results were inspected visually via the Phylogeny.fr interface. The phylogenetic tree was constructed by PhyML using the approximate likelihood-ratio test^[@ref404]^ and using the substitution model of Jones, Taylor, and Thornton with default parameters, and gaps were removed from the alignment. The tree topology was confirmed with COBALT via the National Center for Biotechnology Information server.^[@ref405]^ The sequences are identified in the figure using the following abbreviations corresponding to the following accession numbers: Afumig-Mn, *Aspergillus fumigatus* MnSOD (Eukaryota-mito) GI:18158811; Ahydro-Fe, *Aeromonas hydrophila* FeSOD (Gammaproteobacteria-Fe) GI:75530508; Anabae-Mn, *Anabaena* MnSOD (Cyanobacteria) GI:23200075 H~2~O~2~;^[@ref406]^ Apernix-Mn/Fe, *Aeropyrum pernix* Mn/FeSOD (Crenarchaeota) GI:321159640;^[@ref119]^ Athali-Fe, *Arabidopsis thaliana* FeSOD (Viridiplantae) GI:332659609; Athal-Mn, *Arabidopsis thaliana* MnSOD (Viridiplantae-mito) GI:15228407; Avine-Fe, *Azotobacter vinelandii* FeSOD (Gammaproteobacteria-Fe) GI:226720755 Anal.;^[@ref407]^ Bthuri-Mn, *Bacillus thuringiensis* MnSOD (Firmicutes) GI:228830333; Cauran-Mn, *Chloroflexus aurantiacus* MnSOD (Chloroflexii) GI:31074373 Anal.;^[@ref408]^ Cburne-Fe, *Coxiella burnetii* FeSOD (Gammaproteobacteria-Fe) GI:145002 H~2~O~2~;^[@ref409]^ Cgluta-Mn, *Corynebacterium glutamicum* MnSOD (Actinobacteria) GI:81783000; Cjejun-Fe, *Campylobacter jejuni* FeSOD (Epsilonproteobacteria) GI:218561849 H~2~O~2~;^[@ref410]^ Creinh-Fe, *Chlamydomonas reinhard* FeSOD (Viridiplantae) GI:158280091; Dmelan-Mn, *Drosophila melanogaster* MnSOD (Eukaryota-mito) GI:7302882; Dradio-Mn, *Deinococcus radiodurans* MnSOD (Bacteria-Deinococ) GI:32363428; Ecoli-Fe, *E. coli* FeSOD (Gammaproteobacteria-Fe) GI:84028734 Anal;^[@cit75a]^ Ecoli-Mn, *E. coli* MnSOD (Gammaproteobacteria-Mn) GI:134659 Anal;^[@cit74a],[@cit114c]^ Ehist-Fe, *Entamoeba histolytica* FeSOD (protozoan-Eukaryota) GI:464774 H~2~O~2~;^[@ref411]^ Ggallu-Mn, *Gallus gallus* MnSOD (Eukaryota-mito) GI:15419940; Hpylor-Fe, *Helicobacter pylori* FeSOD (Epsilonproteobacteria) GI:190016324;^[@ref412]^ Hsap-Mn, *Homo sapiens* MnSOD (Eukaryota-mito) GI:24987871; Livano-Mn, *Listeria ivanovii* MnSOD (Firmicutes) GI:134666; Mbark-Fe, *Methanosarcina barkeri* FeSOD (Euryarchaeota) GI:499627762 Anal.;^[@cit196d]^ Methylo-Mn, *Methylomonas* MnSOD (Gammaproteobacteria-Mn) GI:95281 Anal;^[@ref121]^ Mpalea-Fe, *Marchantia paleacea* FeSOD (Viridiplantae) GI:75243372; Msativ-Fe, *Medicago sativa* FeSOD (Viridiplantae) GI:75248782; Msmeg-Mn, *Mycobacterium smegmatis* MnSOD (Actinobacteria) GI:21264517 Anal;^[@ref120]^ Mthermo-Fe, *Methanobacterium thermoauto* FeSOD (Euryarchaeota) GI:23200500; Mtuber-Fe, *Mycobacterium tuberculosis* FeSOD (Actinobacteria) GI:809164 H~2~O~2~;^[@ref413]^ Nmenin-Fe, *Neisseria meningitidis* FeSOD (Betaproteobacteria) GI:7226122; Naster-Mn, *Nocardia asteroides* MnSOD (Actinobacteria) GI:1711453; Nostoc-Fe, *Nostoc* PCC7120 FeSOD (Cyanobacteria) GI:17132032; Paeroph-Mn/Fe, *Pyrobaculum aerophilum* Mn/FeSOD (Crenarchaeota) GI:14917043;^[@ref118]^ Pborya-Fe,: *Plectonema boryanum* FeSOD (Cyanobacteria) GI:1711435 Anal;^[@cit156b]^ Pfalc-Fe, *Plasmodium falciparum* FeSOD (protozoan-Eukaryota) GI:74946757;^[@ref414]^ Pfreud-FeMn, *Propionibacterium freudenreichii* (*shermanii*) Fe/MnSOD (Actinobacteria) GI:5542134 Anal.;^[@cit113b]^ Phalo-Fe, *Pseudoalteromonas haloplanktis* FeSOD (Gammaproteobacteria-Fe) GI:306440524; Pleiog-Fe, *Photobacterium leiognathi* FeSOD (Gammaproteobacteria-Fe) GI:134643 Anal;^[@ref139]^ Poliv-Mn, *Paralichthys olivaceus* MnSOD (Eukaryota-mito) GI:134676; Poval-Fe, *Pseudomonas ovalis* FeSOD (Gammaproteobacteria-Fe) GI:12084342 Anal;^[@cit114d]^ Ppinas-Fe, *Pinus pinaster* FeSOD (Viridiplantae) GI:75223482; Scere-Mn, *Saccharomyces cerevisiae* MnSOD (Eukaryota-mito) GI:217035334; Ssolfa-Fe, *Sulfolobus solfataricus* FeSOD (Crenarchaeota) GI:14286093 Anal.;^[@ref115],[@ref208]^ Synech-Fe, *Synechocystis* 6803 FeSOD (Cyanobacteria) GI:1653111; Taest-Mn, *Triticum aestivum* MnSOD (Viridiplantae-mito) GI:62131095; Taq-Mn, *Thermus aquaticus* MnSOD (Bacteria-Deinococ) GI:1711455; Tbruce-Fe, *Trypanosoma brucei* B2 FeSOD (protozoan-Eukaryota) GI:70834946 H~2~O~2~;^[@ref415]^ Telong-Fe, *Thermosynechococcus elongatus* FeSOD (Cyanobacteria) GI:34810955; Tgondi-Fe, *Toxoplasma gondii* FeSOD (protozoan-Eukaryota) GI:122066229; Vcart-Fe, *Volvox carteri* FeSOD (Viridiplantae) GI:121077704; Vchol-Mn, *Vibrio cholerae* MnSOD (Gammaproteobacteria-Mn) GI:14039308 upregulation in absence of Fe;^[@ref416]^ Vungui-Fe, *Vigna unguiculata* FeSOD (Viridiplantae) GI:56554197 H~2~O~2~;^[@ref417]^ Xcamp-Mn, *Xanthomonas campestris* MnSOD (Gammaproteobacteria-Mn) GI:76364224.](cr-2013-005296_0030){#fig18}

### 4.5.3. Mitochondrial MnSODs {#sec4.5.3}

MnSODs are best known as the SODs of mitochondria, and, based on their amino acid sequences, these form a phylogenetic group separate from the MnSODs of most bacteria (Figure [18](#fig18){ref-type="fig"}). Intriguingly, MnSODs from members of the phylum of actinobacteria are distinct from MnSODs of other bacteria and instead group with mitochondrial MnSODs and archaeal MnSODs.^[@cit188a],[@ref200]^ While the SOD-centric view of evolution presented here might therefore suggest that mitochondria descend from an actinobacterial endosymbiont, other evidence indicates that mitochondria descend from an α-proteobacterial ancestor instead.^[@ref201]^ However, the host cell progenitor of eukaryotic cells is thought to have been archaeal,^[@cit201a],[@ref202]^ and mitochondrial MnSOD amino acid sequences resemble the MnSOD sequences of modern archaea more than those of α-proteobacteria. Mitochondrial MnSOD remains encoded in the nucleus but is localized to the mitochondrion by an N-terminal transit peptide. Thus, it is possible that mitochondrial MnSODs are derived from the archaeal ancestor of the host cell and not from the bacterial ancestor of mitochondria.

The clustering together of actinobacterial, archaeal, and mitochondrial SODs could reflect the fact that they are tetrameric in solution, in contrast to the dimeric nature of most bacterial SODs. Although the dimers of all three types of tetrameric SODs overlay well with one another and with the dimer of dimeric MnSODs, the tetramers of archaeal and actinobacterial SODs overlay well with one another but not with mitochondrial SOD tetramers, which display a distinct dimer--dimer interaction.^[@ref203]^ Thus, the Fe- and/or MnSODs of actinobacteria are more similar to archaeal Fe- and/or MnSODs than they are to mitochondrial MnSODs, and may derive from a gene acquired via lateral gene transfer from an archaeal source. Both archaea and pathogenic bacteria are reported to have relatively high propensities for lateral gene transfer.^[@ref204]^

### 4.5.4. Origins of Eukaryotic FeSODs {#sec4.5.4}

The FeSODs of very diverse bacterial species nonetheless cluster together, consistent with dispersal of a primordial FeSOD gene very early on.^[@ref197]^ Similarly, the FeSODs from the three kingdoms of protists represented in our comparison appear to share as much similarity with bacterial FeSODs as with one another (chromalveolates *Toxoplasma* and *Plasmodium*, amoebozoum *Entamoeba*, and excavate *Trypanosome*). More detailed reviews focusing on protist FeSODs have been published recently.^[@ref47],[@ref205]^ The SODs of modern α-proteobacteria (e.g., *Neisseria*) display greater homology to the FeSODs of modern protists than to the MnSODs of mitochondria, suggesting that the SOD of the α-protobacterial proto-mitochondrion may have been the predecessor of protist FeSODs (or that protist FeSOD gene(s) were acquired by lateral gene transfer).^[@ref197]^

Plants and green algae also have one or more FeSODs found in plastids in general but chloroplasts in particular, as well as in the cytoplasm in certain cases.^[@cit109b],[@ref197]^ The gene(s) have been incorporated into the nuclear genome, but the resulting proteins are targeted to plastids by N-terminal plastid transit peptides.^[@cit109b]^ Chloroplast FeSODs cluster separately from the FeSODs of most bacteria, but resemble the FeSODs of cyanobacteria (Figure [18](#fig18){ref-type="fig"}).^[@ref197]^ Thus, it is likely that chloroplast FeSOD originates from the genome of the cyanobacterial endosymbiont that gave rise to chloroplasts.^[@ref197],[@ref206]^

A larger set of SOD sequences and comparisons at the level of nucleotide sequences instead of amino acid sequences would surely permit a more detailed analysis, but even our modest set of representative sequences suggests that our modern Fe- and/or MnSODs can all be traced to bacterial and archaeal origins in a way that is consistent with what we know about the evolution of modern organisms themselves.

4.6. A Possible Path from Fe to Mn? {#sec4.6}
-----------------------------------

### 4.6.1. Requirements for Evolution of MnSOD {#sec4.6.1}

It is impossible not to wonder how we acquired our legacy of distinct lineages of FeSODs and MnSODs. Whatever barriers arose between them have been too high for frequent crossing in the recent past, possibly because O~2~ is more abundant now and the cost of compromised SOD activity is correspondingly higher. However, early in evolution this would have been less so,^[@ref207]^ and it is apparent that there have continued to exist some populations that experience only weak oxidative stress and that these could maintain a higher diversity of SOD gene sequences. Indeed, Fe/MnSODs tend to be found in anaerobes or facultative aerobes, and they tend to be less active than the metal-specific SODs (Table [4](#tbl4){ref-type="other"}).^[@ref107]^ The simplest proposal is that optimization of MnSOD activity occurred on the basis of an ancient SOD that functioned with Fe but also had sufficient Mn-based activity to be optimized by natural selection and that was present in an organism that provided conditions for binding Mn.

The archaeal and actinobacterial SODs meet the first two criteria as they tend to be less metal ion specific than SODs of most bacteria. The archaeal Fe- and/or MnSODs that persist today include exemplars active with Fe,^[@cit110a],[@cit196d],[@ref208]^ active with Mn,^[@ref209]^ or active with either.^[@ref118],[@ref119]^ Similarly among actinobacterial Fe- and/or MnSODs, at least one is described as an FeSOD,^[@cit203a]^ another as a MnSOD,^[@ref200]^ and another as an Fe/MnSOD.^[@ref120]^ The metal ion promiscuity of the archaeal SODs is consistent with the tendency of archaea to inhabit anaerobic or microaerobic habitats at extreme temperatures or in solution conditions where selective pressure to optimize SOD activity may have been eclipsed by the demands of protein stability. In contrast, the MnSODs of modern aerobic bacteria likely represent the outcome of more intense selection for SOD activity.^[@cit196c],[@ref210]^ In this model, initial evolution leading to optimal SOD activity in eubacteria would have involved optimization of SOD for Fe use in organisms with sufficient means of Fe acquisition, and later recruitment and optimization for Mn use of a surviving gene for an Fe/MnSOD in organisms that provided sufficient Mn.

Existing evidence indicates that SOD binds either Fe or Mn depending largely on their availability;^[@cit113a],[@ref162]^ MnSOD must have evolved either after Mn was more bioavailable than Fe or in an organism such as *Lactobacillus* or *Neisseria* that achieves high internal Mn concentrations. Accumulation of hundred micromolar to millimolar MnHPO~4~ and MnHCO~3~^+^ provides protection against oxidative stress in several organisms^[@ref211]^ and could have complemented a relatively unspecialized SOD, allowing variations that were not optimal for Fe use to persist or accumulate in the population. Such a SOD in such an environment would then have had a relatively high probability of acquiring Mn, thus creating the possibility of selection on the basis of Mn-supported SOD activity.

Despite clear overall separation of the sequences of MnSODs from those of FeSODs, there is considerable diversity within each group, and biochemical studies have identified some bacterial FeSODs and non-actinobacterial/non-archaeal MnSODs as cambialistic (Table [4](#tbl4){ref-type="other"}). It is likely that cambialism is considerably more widespread than suggested by current nomenclature because most SODs listed in common databases have been classified on the basis of their amino acid sequences, whereas measurement of their Fe-supported activity and Mn-supported activity is much more laborious. Moreover, the term "cambialistic" has been applied to SODs representing a continuum from low but conditionally significant activity with the less competent metal to equal activity with either metal ion (Table [4](#tbl4){ref-type="other"}). The existence of an entire spectrum of degrees of metal ion specificity is not surprising, but it suggests that there are accessible routes over the barriers between Fe- and Mn-specificity, and from specificity to cambialism. The latter supports the feasibility of the reverse: optimization of specificity from cambialism. As more reports of the Fe-based and Mn-based activities of individual SODs are published, we will no doubt learn how multiple features of the protein can fine-tune the ability of a SOD to use Mn versus Fe over the range allowed by the primary tuning mechanisms that appear to distinguish MnSODs from FeSODs.^[@cit188a],[@ref212]^

The foregoing proposals build on new understanding of the diverse defenses in use against ROS, metal ion homeostasis, and bacterial evolution.^[@cit211d],[@ref213]^ They call for evolution of FeSODs and then MnSODs from relatively nonspecific ancestors, refinement of a bacterial gene for MnSOD, and dispersal of the descendants of that gene by lateral gene transfer among the different branches of bacteria that possess nonactinobacterial MnSOD now.

### 4.6.2. Signatures of Specificity for Fe or Mn {#sec4.6.2}

In studying present-day SODs, we are restricted to observing the tips of the branches of the evolutionary tree. The MnSODs of archaea and their relatives the actinobacterial MnSODs have been argued to have diverged less from ancestral Fe- and/or MnSODs. Therefore, to identify the results of optimization of Fe-based or Mn-based activity, we focus on the other five groups of SODs identified by our analysis: mitochondrial and bacterial MnSODs (nonactinobacterial), and bacterial, protist, and cyanobacterial-and-plant FeSODs (see Figure [18](#fig18){ref-type="fig"}).

Many residues were identified with Fe-specificity or Mn-specificity based on early crystal structures.^[@cit187b]^ Since then, the explosion in amino acid sequences available has lowered the likelihood of fortuitous conservation. Accordingly, detailed study of larger collections of Fe- and/or MnSOD sequences has produced refined signatures of Fe specificity or Mn specificity,^[@cit188c]^ and an effort focusing on protist FeSODs has also been published.^[@ref205]^ To develop hypotheses as to which residues are related to specific metal ion use, rather than shared as a result of other common properties or ancestry, it is useful to identify residues conserved within a group of related SODs, and then ask which of those residues are also conserved in different groups of SODs that share the same metal ion requirement. This will identify amino acid sequence signatures specific to all of the FeSODs or MnSODs in the set but can also distinguish them from residues correlated with other factors. Thus, Figure [19](#fig19){ref-type="fig"} compares the consensus sequences of each of the five major groups of FeSODs or MnSODs that emerged from the phylogenetic analysis in Figure [18](#fig18){ref-type="fig"}. (The consensus sequence for archaeal and actinobacterial SODs is also included for comparison, but these SODs are not regarded as metal ion specific, as a group; see above.) The SODs all have roughly 200 residues, and some 40--60 are conserved within each group. However, only 11 residues are conserved over all our set of SODs. We identify 7 residues as being conserved (or similar) among all of the FeSODs but conserved differently or not conserved among MnSODs, which we assign as signatures of Fe specificity. We identify 4 residues as signatures of Mn specificity by the same criterion in reverse. Because two Fe-signature residues occur at positions occupied by Mn-signature residues, our sequences reveal 9 positions where the amino acid identity appears related to metal ion activity (Figure [20](#fig20){ref-type="fig"}). Hence, almost as many residues could be conserved signatures of metal ion specificity as are essential to SOD activity.

![Alignment of consensus amino acid sequences from the different groups of SOD in Figure [18](#fig18){ref-type="fig"}. Bold green letters indicate amino acids conserved in all 53 individual sequences, letters in blue indicate residues that are similar in all 53 sequences, letters in red indicate residues that distinguish FeSODs from others, letters in purple indicate residues that distinguish MnSODs from others. For each group of SODs the individual sequences were aligned, the conserved amino acid identities are presented as capital letters and positions where similarity is preserved within the group are shown as lower case letters. \'X\' is used to mark the positions at which diverse amino acids are found. These consensus sequences for the different groups are then presented together in their global alignment. The different groups are PltCya: FeSODs from plants and cyanobacteria (11 sequences, numbering of *A. thaliana*), ProtistFe: FeSODs from protists (5 sequences, numbering of *Entamoeba histolica*), Bact-Fe: FeSODs from bacteria (9 sequences, numbering of *E. coli*), Bact-Mn: MnSODs from non-actinobacterial bacteria (10 sequences, numbering of *E. coli*), ArchActino: Fe-, Mn- and Fe/MnSODs from actinobacteria and archaea (10 sequences, numbering of *P. aerophilum*) and Mito-Mn: MnSODs from mitochondria (8 sequences, numbering of *H. sapiens*). Consensus sequences were generated using Clustal-Omega^[@ref418]^ multiple sequence alignments of the sequences listed in the caption of Figure [19](#fig19){ref-type="fig"} using up to 5 iterations, up to 3 guide-tree iterations and up to three HMM iterations without mBed clustering and allowing dealignment, via the EMBL-EBI server. For each group of sequences residues that were different or only weakly similar within the group were replaced by \'X\'. Strongly similar residues were replaced by a lower-case letter indicating the category of residue present at the site with \'f\' representing an aromatic side chain, \'l\' representing a hydrophobe, \'a\' representing A,S or T, \'n\' representing a polar/charged side chain (D,E,Q,N,K,R), \'h\' representing H or Y, and \'k\' representing K or R. Residues that were identical in all sequences in the group were retained as capital letters. These consensus sequences were then aligned using Clustal-Omega to produce the result shown. All alignments were confirmed with COBALT via the NCBI server.^[@ref405]^ Numbering of *E. coli* SODs omits the N-terminal M, to produce agreement with amino acid numbering used in crystal structures. Stretches of amino acids participating in α-helices are indicated by \'a\'s and stretches participating in β-sheet strands by \'b\'s above each row.](cr-2013-005296_0031){#fig19}

![Comparison of the residues at seven proposed specificity signature positions among 6 Fe/MnSODs with different metal ion dependencies for activity. Fe/Mn SODs from *B. fragilis*, *P. freudenrichii*, *P. gingivalis*, *M. smegmatis*, *Mehylomonas J*, and *R. capsulatus* (gray rows) are compared to the FeSOD and MnSOD from *E. coli* (white rows). Residues conserved among FeSODs but not among MnSODs are considered signatures of Fe specificity and are colored in orange (proposed Fe specificity signature residues 52 and 165 are omitted from this figure because they are more distant from the active site and could act via indirect or different means). Residues conserved among MnSODs but not among FeSODs are considered signatures of Mn specificity and are colored in purple. For each SOD, the ratio of its Fe-supported activity divided by its Mn-supported activity under the same conditions is reported (see also Table [5](#tbl5){ref-type="other"}). Use of upper case and lower case letters follows the convention used for Figure [19](#fig19){ref-type="fig"}.](cr-2013-005296_0032){#fig20}

Many of the 9 residues identified by our survey as signatures of metal ion specificity were also in the sets identified by a recent large analysis,^[@cit188c]^ and crucially the 9 residues include the Gln69 that exerts a strong influence on the metal ion *E*° and its analogue to MnSOD Gln141 (residues are numbered according to *E. coli* FeSOD in this section, with *E. coli* MnSOD numbers supplied in parentheses, here 146).

We tested the possibility that these signature residues make additive contributions using a series of Fe/MnSODs for which the ratio of Fe-supported activity divided by Mn-supported activity varies from 2 to 0.02. Figure [20](#fig20){ref-type="fig"} shows that the Fe/MnSODs most active with Fe contain more of the Fe-specificity signature residues (orange squares) and those most active with Mn contain more Mn-specificity signature residues (purple squares), with one exception (below). The overall correlation thus supports our identification of these residues as related to metal ion specificity. Importantly, Fe/MnSODs with comparable Fe-supported and Mn-supported activities lack some or all of the signature residues for Fe-specificity and/or Mn-specificity. The continuum observed therefore suggests that cambialism can result from having some of the signatures for either of the metal ions and that the individual signature residues each contribute to the overall activity with each of the metal ions. Comparing two Fe/MnSODs from within one group (actinobacterial SODs), the SOD of *P. freudenreichii* has a 14-fold higher ratio of Fe-supported to Mn-supported activity than that of *M. smegmatis* SOD, and lacks the Mn-specificity signatures present in *M. smegmatis* SOD. This further supports the identification of these signatures as codeterminants of metal ion specificity. However, the SOD of *Rhodobacter capsulatus* has been found to function primarily with Mn and barely with Fe,^[@ref122]^ yet its amino acid sequence displays several of the hallmarks of an FeSOD and none of the signatures of MnSODs,^[@ref214]^ demonstrating that additional factors are not identified by this simple analysis and providing a strong cautionary lesson against using amino acid sequence information alone to infer the identity of the metal ion supporting function.

### 4.6.3. Structural Perspective and Ties to a Redox Basis for Metal Ion Specificity {#sec4.6.3}

To understand why certain residues may be conserved in the manner they are, it is helpful to view them in the context of the structure (Figure [21](#fig21){ref-type="fig"}). Residues identical in all of our SODs (colored green in Figures [19](#fig19){ref-type="fig"} and [21](#fig21){ref-type="fig"}) are strongly concentrated in the active site, as expected on the basis of evolutionary selection for activity. Residues are also conserved in the dimer interface, indicating that this too is critical.^[@cit188c]^ Seventeen more positions are occupied by residues of similar nature in our SOD collection (blue in Figures [19](#fig19){ref-type="fig"} and [21](#fig21){ref-type="fig"}). These also feature prominently in the interface between monomers; however, they additionally make up two hydrophobic cores, one in each domain of the SOD monomer (Figure [21](#fig21){ref-type="fig"}B) consistent with modular folding of the monomer,^[@cit126a]^ and possibly modular ancestry. Indeed, thermophilic SODs have been overexpressed as folded apo-proteins in mesophilic hosts,^[@ref118],[@ref215]^ and metal ion incorporation into apoprotein is gated by pre-exiting structure.^[@ref216]^ Folding of the N-terminal domain would bring together the ligand residues His26 and His73, whereas metal binding pins together the two domains, as each contributes two ligands.

![(A) Ribbon structure of E.coli FeSOD with residues conserved among all our Fe- and/or MnSODs in green, residues similar in all in blue, residues proposed to be signatures of Fe-specificity in orange-red and residues proposed to be signatures of Mn-specificity in purple from the structure of *E. coli* MnSOD overlaid on the structure of FeSOD but not shown; (B) right-hand monomer, rotated to bring its right-side to face the viewer and indicating with dashed circles clusters of residues similar in all Fe- and/or MnSODs that form hydrophobic cores of the N and C terminal domains. Figure is based on the coordinate sets 1ISB^[@cit126a]^ and 1D5N.^[@cit252a]^ Residues specific to FeSODs are based on 25 sequences, residues specific to the non-actinobacterial, non-archaeal MnSODs are based on 18 sequences. Conserved residues are four ligands of the metal ion (His26, His73, His160, Asp156), two participants in the active site H-bond network (His30, Tyr34), two that may aid in defining the conformation of the ligand side chains (His31, Ala161), and two that bridge the interface between monomers (Glu159 and Tyr163). Gly119 is also conserved, occurring before the beginning of the β-sheet where it appears to facilitate a sharp bend in the peptide backbone.](cr-2013-005296_0033){#fig21}

The residues identified as signatures of Fe- or Mn specificity are colored orange-red and purple, respectively, in Figures [21](#fig21){ref-type="fig"} and [22](#fig22){ref-type="fig"}. All FeSODs and MnSODs retain a second-sphere residue that hydrogen bonds to the OH^--^/H~2~O ligand as well as to other residues. However, in FeSODs, this residue is Gln69 from the N-terminal domain in an α-helix, whereas in mitochondrial MnSODs and non-actinobacterial bacterial MnSODs it is Gln141 (146) from the C-terminal domain in a loop between β-strands.^[@ref217]^ (The archaeal or actinobacterial SODs employ a His.) Figure [22](#fig22){ref-type="fig"} shows how the two different structures nonetheless place this Gln's side chain in position to hydrogen bond to the OH^--^/H~2~O ligand, and use the same hydrogen-bonding partners (Tyr34, Asn72, and Trp122).^[@ref187]^ Yet the different backbone positions of the Gln side chain in addition to neighbors that are differently conserved in MnSODs versus FeSODs can produce distinct orientations and different proximity to the OH^--^/H~2~O ligand.^[@ref218]^

![Residues constituting conserved differences between FeSODs and MnSODs, near the active site based on the coordinate sets 1ISB^[@cit126a]^ and 1D5N^[@cit252a]^ from *E. coli* proteins (A) superposition of FeSOD (grey ribbon) and MnSOD (orchid ribbon). Green residues are conserved in all SODs, orange-red are specific to FeSODs (in our set of sequences), purple are specific to MnSODs (in our sequences and exclusing actinobacterial and archaeal SODs). (B) FeSOD only with space-filling depiction of Fe-specific Gln69 and residues that buttress it (Ala141 and Phe64) or contribute bulk to the back-side of the helix (Phe71 and Phe75). (C) MnSOD only with space-filling depiction of Mn-specific residues (Gln141, and Arg64 and Asp142 in FeSOD numbering; Gln146, Arg72 and Asp147 in MnSOD numbering) that are conserved among Mn-specific SODs and may help to hold together two domains with a salt bridge.](cr-2013-005296_0034){#fig22}

Gln69 (FeSOD) and Gln141/146 (MnSOD) as well as their adjacent residues account for most of the signatures of metal ion specificity we identified above on the basis of amino acid sequences (exceptions are positions 52 and 165, shown in Figure [19](#fig19){ref-type="fig"}). In FeSODs, Gln69 is held in place in part by Ala141 and the aromatic residue 64, which form a stack of sterically interacting residues (Figure [22](#fig22){ref-type="fig"}B). Meanwhile, Phe75 and aromatic residue 71 are on the opposite side of the helix bearing Gln69 and Phe64, so their bulk could play a role in positioning the helix, pushing it toward the active site. Among non-actinobacterial and non-archaeal MnSODs, the foregoing residues are conserved differently or not conserved. In MnSOD, Asp142 (147 in MnSOD) immediately following Gln141 hydrogen bonds with an Arg or Lys from position 64 (72 in MnSOD). This salt bridge ties the loop containing Gln141 to the helix that bears Gln69 of FeSOD, thus holding together the two domains around the active site (Figure [22](#fig22){ref-type="fig"}C). Push-back from the N-terminal domain is diminished by conservation of a Gly in position 68 in these SODs (76 of MnSOD). Together these changes constrain Gln141 to be close to the OH^--^/H~2~O ligand. Thus, conserved signatures in the sequences of groups of FeSODs and MnSODs suggest that a few residues may play particularly important roles in determining which metal ion is active, and observed correlations offer predictions that can be tested by mutagenesis. The identities and locations of these residues are consistent with the notion that metal ion activity and redox tuning are modulated by the positioning and polarization of the OH^--^/H~2~O ligand via constraints on the position, orientation, packing, and polarization of the active site Gln.

A complementary interaction targets the other axial ligand, His26, in many FeSODs and MnSODs and could modulate interactions between Mn and the OH^--^/H~2~O ligand via the *trans* effect.^[@cit212a]^ Many mitochondrial MnSODs, many of the actinobacterial MnSODs, and all the other bacterial MnSODs in our set have a residue (Met23) whose side chain can hydrogen bond with the ligand His26, whereas an aliphatic group is present in all of the FeSODs in our sequence set (Figure [19](#fig19){ref-type="fig"}).

Archaeal and actinobacterial SODs were excluded from the above analysis because that group includes SODs with a spectrum of metal ion use, so residues conserved in this group are not signatures of specificity. Thus, a Gly at position 69 does not commit a SOD to use of Mn despite its conservation in MnSODs. Interestingly, archaeal and actinobacterial SODs conserve a His at position 141, which appears important to their ability to support activity with either Fe or Mn (Figure [19](#fig19){ref-type="fig"}). His141 H-bonds to the ligand OH^--^/H~2~O (analogous to Gln69 or 141) and is expected to produce redox tuning intermediate between those of Gln69 and Gln141 because Gln141 produces an *E*° that is ∼0.3 V lower than when the Gln derives from position 69,^[@cit74a]^ but replacing Gln69 with His results in ∼0.25 V elevation of the *E*°.^[@cit74b]^ Experiments are underway to test the proposal that conversion of a His to a Gln as the hydrogen-bond donor to the OH^--^/H~2~O ligand (from position 141) could lower *E*° and both commit and optimize the site for Mn use.^[@cit135b],[@ref219]^

It is noteworthy that many of the Fe/MnSODs identified so far are the only Fe- and/or MnSOD family member possessed by the organism.^[@cit113b],[@cit113c],[@ref214]^ That many of them derive from bacteria that are pathogens may reflect the greater amount of study devoted to pathogenic bacteria than to nonpathogens; however, many pathogens normally occupy anaerobic environments but face occasional extreme exposure to superoxide produced as part of the host immune response. They can also face Fe-deprivation due to sequestration of Fe by the host. Because SODs are important contributors to bacterial virulence, the abilities of these SODs to function with either Fe or Mn may have significance to disease and its possible prevention/treatment.

Many eukaryotic host cells defend themselves by producing ROS, with coordinated expression of MnSOD,^[@ref220]^ apparently inherited from an archaeal past. MnSOD's insensitivity to inactivation by peroxide may have been an important factor in its selection and evolution in mitochondria of higher organisms, and in turn higher organisms' ability to use ROS for self-defense.

5. Manganese Superoxide Dismutase {#sec5}
=================================

5.1. History and Properties {#sec5.1}
---------------------------

Shortly after the identification of the copper-containing protein erythrocuprein as a superoxide dismutase in 1969,^[@ref221]^ a dimeric manganese-containing enzyme was found in *E. coli* that carried out the same chemistry and was thus called manganese superoxide dismutase^[@ref222]^ or MnSOD. Since that time, dimeric and tetrameric MnSODs have been identified in a very diverse set of organisms; the reader is referred to section [4.6](#sec4.6){ref-type="other"} for a discussion of the ubiquity of MnSOD. Prokaryotic MnSOD is located in the cytosol. Some eukaryotic cells, such as human cells, have MnSOD exclusively in the mitochondrial matrix, but in other cases it is found in the mitochondrial matrix and the cytosol, and, in the case of plants, in chloroplasts.

MnSOD naming is complex and not very consistent. Historically, SOD2 is mitochondrial MnSOD, but *sod2* and *sod3* have been used for two mitochondrial MnSODs in *Caenorhabditis elegans*,^[@ref223]^ and two MnSODs from *C. albicans*, one mitochondrial and one cytosolic, have been termed MnSOD2 and MnSOD3, respectively.^[@ref49]^ A system was proposed recently to distinguish the MnSODs by location as well as biological origin.^[@cit65a]^ Here, we will refer to MnSOD when mitochondrial MnSOD is discussed and MnSODc for a cytosolic MnSOD.

The importance of MnSOD in mammalian cells was underscored by studies of mice from which the MnSOD gene was deleted. In a landmark study, the authors showed that the MnSOD knockout mouse was able to develop embryonically but that the postnatal lifespan was only a few days.^[@ref224]^ Even in the heterozygous mouse model, severe deficiencies and sensitivity to aerobic environment were observed.^[@ref225]^ This is in contrast to the murine CuZnSOD, which is not crucial to survival.^[@ref226]^ The phenotypes resulting from MnSOD knockouts and CuZnSOD knockouts are quite variable across species with the former generally producing a more severely compromised phenotype in eukaryotes.^[@cit225b],[@ref227]^

Human MnSOD is encoded in the nucleus, and the gene is found on chromosome 6 in the 6q21 region. In human cells, the encoded protein is a homotetramer with a monomeric unit of ca. 22 000 Da.^[@ref66]^ The apoprotein is localized to the mitochondrial matrix by an N-terminal leader sequence that is cleaved after transport. Protein and metal transport are discussed in detail in section [5.2.3](#sec5.2.3){ref-type="other"}. The most prevalent single nucleotide polymorphism (SNP) for human MnSOD leads to the replacement of valine at position 16 in the human enzyme to alanine. This mutation is in the leader sequence that controls transport of the enzyme into the mitochondrial matrix, and Ala16 is thought to facilitate enzyme transport and lead to a more active enzyme. Association of the Val16Ala mutant MnSOD with a particular disease process is complex and has been extensively reviewed.^[@ref228]^ The other well-characterized SNPs are the Ile58Thr and Leu60Phe. Again, these are not specifically associated with any disease process. Nevertheless, the Ile58Thr mutant leads to packing defects in the two four-helix bundles at the tetrameric interface, and the mutant enzyme is found predominantly as a dimer.^[@ref229]^ A consequence of this mutation is that the mutant enzyme is less stable thermally in vitro.^[@ref229]^ The reader is directed to some comprehensive surveys^[@cit220b],[@ref230]^ of the studies so far that point to some possible implications of this mutation in a variety of diseases (e.g., cancer, cardiovascular disease).

5.2. Structure {#sec5.2}
--------------

### 5.2.1. Tetramer versus Dimer {#sec5.2.1}

The very first crystal structure determined of a MnSOD^[@ref60]^ was that of the enzyme from the thermophilic bacterium *Thermus thermophilus* and revealed a tetrameric enzyme with a mononuclear trigonal bipyramidal active site. Since then, MnSOD has been shown to occur both as a tetramer and as a dimer, and the structures of the reduced and oxidized enzyme, as well as a number of specifically mutated enzymes, can be found in the Protein Database. Thus far, the MnSODs that are found in bacteria and most prokaryotes are dimeric, while the MnSODs found in eukaryotes (e.g., human, *C. elegans*, *Drosophila melanogaster*) are generally tetrameric. The monomeric structure has been shown to consist of two domains, a predominantly α-helical domain at the N-terminus and a domain composed of a small β sheet and α helices at the C-terminus.^[@ref60],[@ref63],[@ref231]^ The difference between dimeric and tetrameric MnSODs lies in the N-terminal region. In tetrameric MnSODs, this region consists of long α helices forming a hairpin structure, while in dimeric MnSODs, the α helices are much shorter (Figure [23](#fig23){ref-type="fig"}). As noted earlier, there is a naturally occurring human mutant Ile58Thr MnSOD that is a dimer in solution instead of a tetramer, and it shows a loss of thermal stability.^[@ref229]^ The importance of the terameric structure has been elucidated recently through studies of the MnSOD from *C. albicans*, which, as noted above, crystallizes as a tetramer but is a dimer or "loose tetramer" in solution.^[@cit65a]^

![The structure of the dimeric (A) and tetrameric (B) MnSODs, showing the ribbon diagrams of *E. coli* (PDB code: 1VEW) and *S. cerevisiae* (PDB code: 3LSU) MnSOD. Comparison of the monomer structure between *E. coli* (orange) and *S. cerevisiae* (green) MnSOD is shown in panel C. The diagrams were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0035){#fig23}

Two yeast MnSODs, a tetrameric enzyme from *S. cerevisiae* mitochondria (*Sc*MnSOD) and a dimeric enzyme from *C. albicans* cytosol (*Ca*MnSODc) were recently characterized and compared.^[@cit65b]^ The tetrameric structure was found to have no effect on the enzyme reactivity at neutral pH and room temperature.^[@cit65b]^ However, tetrameric *Sc*MnSOD is much more thermostable and resistant to pH, heat, and denaturant-induced unfolding relative to dimeric *Ca*MnSODc.^[@cit65b]^ Therefore, tetramerization does seem to lend significant stability to the MnSOD enzyme.

### 5.2.2. Active Site Structure {#sec5.2.2}

The solvent-exposed residues of MnSOD cluster such that the enzyme has patches of positive charge and patches of negative charge. This was first suggested in an early study from Fridovich and co-workers,^[@ref77]^ wherein residues were chemically modified and catalytic activity was measured and subsequently confirmed by an early crystal structure of the dimeric MnSOD from *Bacillus stearothermophilus* MnSOD.^[@ref232]^ Theoretical studies^[@ref233]^ using Brownian dynamics calculated that the protein provides significant electrostatic guidance to draw superoxide into the active site channel.

The active site structure of MnSOD is similar to that of FeSOD^[@ref66]^ (see section [4](#sec4){ref-type="other"}). The metal-binding ligands consist of three histidines, an aspartate, and a water or hydroxide molecule. Two of these histidines are from the N-terminal domain, and the remaining histidine and the aspartate come from the C-terminal domain. In the resting state of the native human and the bacterial enzymes, the enzymes are generally oxidized (Mn^3+^SOD), and a water molecule is bound to the metal as the deprotonated hydroxide (Figure [24](#fig24){ref-type="fig"}). The ligands around the metal form a distorted trigonal bipyramidal structure with little change in the active site geometry when the enzyme is oxidized or reduced. These five metal-binding ligands are invariant throughout all MnSODs characterized to date; the majority are isolated in the Mn^3+^SOD form, while the fungal MnSODs of *S. cerevisiae* and *C. albicans* are isolated predominantly as the reduced (Mn^2+^SOD) form.^[@cit65a]^

![The tetrameric assembly (top) and active site structure (bottom) of human MnSOD (PDB code: 1LUV). The metal-binding ligands are His26, His74, His163, and Asp159. The hydrogen-bonding network is defined from the bound water to Gln143, Tyr34, the water between Tyr34 and His30, His30, and finally Tyr166 from the adjacent subunit (pink). The diagrams were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0036){#fig24}

The manganese is occluded from solvent and surrounded by a very important constellation of highly conserved second-sphere residues that form a hydrogen-bonding network.^[@ref66]^ This network starts at the metal-bound water, which hydrogen bonds with the glutamine 143 equivalent to Gln 141 in *E. coli* MnSOD. The carboxamide NH~2~ of Gln143 can form a hydrogen bond with the nearby tyrosine 34 hydroxyl. The tyrosine 34 hydroxyl, nearby water, and the side chain of the histidine 30 form a hydrogen-bond network that ends with tyrosine 166 (using the human MnSOD numbering system). It is these residues that have received the most attention in the effort to decipher the contributions of the protein to the one electron-two proton transfers that convert superoxide into hydrogen peroxide.

The three mutant forms of MnSOD that are discussed in detail below are the Tyr34Phe mutant (human and *E. coli*),^[@ref94],[@ref234]^ the His30Asn human mutant,^[@ref235]^ and the Gln143Asn human/Gln146X (X = Leu, His, Ala) *E. coli* mutants^[@ref236]^ (Figure [25](#fig25){ref-type="fig"}). All of these alterations to the residues belonging to the hydrogen-bonding network produce striking mechanistic consequences. The initial mutation to the hydrogen-bonding network was Tyr34Phe as this modification removes a hydroxyl group that is part of the hydrogen-bonding network and replaces it with hydrogen but leaves the remainder of the network unperturbed. The actual structural change at or near the active site is modest, and the change in overall O~2~^•--^ disproportionation at very low substrate/enzyme concentrations is also modest in both the bacterial and the human MnSODs;^[@ref94],[@ref234]^ see section [5.3.1](#sec5.3.1){ref-type="other"}. This is in accord with the overall structure of the enzyme wherein the electrostatic attraction of the superoxide to the positively charged region at the active site channel entrance is unperturbed and plays a seminal role in the rate constant. The same observation applies to the His30Asn or His30Gln mutants,^[@cit235a]^ where there is a subtle mechanistic change in response to a fairly small structural change. Mutation of this histidine does lead to a significant effect, however, observed in the in vivo experiments (see section [5.3](#sec5.3){ref-type="other"}).^[@cit235b]^ The most dramatic mutation is that of Gln143/Gln146 of human/*E. coli* MnSOD, respectively. If this residue is perturbed, there is a dramatic loss of activity, and both the *E. coli* and the human enzymes are isolated in the reduced state.^[@ref236]^ The structural change upon mutation of the Gln146 in *E. coli* MnSOD leads to a shift in the positioning of Tyr34 and Trp126 and disrupts the hydrogen-bonding network.

![The active site structure of the human WT MnSOD (PDB code: 1LUV) and three mutants of the hydrogen-bonding network, Y34F (PDB code: 1AP5), Q143A (PDB code: 1EM1), and H30V (PDB code: 1N0N). Metal ions and solvent molecules are shown as spheres, and coordination and hydrogen bonds are shown as solid and dashed lines, respectively. The diagrams were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0037){#fig25}

### 5.2.3. Manganese Acquisition by the Protein {#sec5.2.3}

As described in section [4](#sec4){ref-type="other"}, it is well-known that most MnSODs and FeSODs are extremely metal specific with respect to activity, despite the striking similarity in the protein and the active site structure,^[@ref92]^ and that there is a small subset of SODs that are called cambialistic that function with either iron or manganese. However, the cambialistic SODs are not as active as the metal-specific MnSODs and FeSODs. There has been much attention to the fact that MnSOD is able to acquire manganese in the presence of the generally higher concentration of iron in cells. However, the path by which MnSOD acquires the metal within the cell is not as clear. In addition, the metalation of the MnSOD apoenzyme is a complex process, requiring specific conditions.

#### 5.2.3.1. In Vivo Metalation of the Protein {#sec5.2.3.1}

MnSOD is found in the mitochondria of eukaryotic cells, so the manganese must cross the cell membrane and then the mitochondrial membrane to become part of the intact metalated enzyme. The in vivo metalation of MnSOD from *S. cerevisiae* has been studied extensively by Culotta and co-workers.^[@ref213],[@ref237]^ Thus far, no specific chaperone has been discovered that serves to incorporate manganese directly into the protein, akin to the role of the copper chaperone for SOD1 (CCS) in CuZnSOD (see section [6](#sec6){ref-type="other"}). There are a series of more general manganese transporters, Smf1p and Smf2p, that can act on many divalent metals. Smf1p is a high-affinity manganese transporter that carries the metal across the cell membrane from the extracellular space into the cytosol. A similar manganese transporter, Smf2p, was found to be essential to manganese accumulation in yeast cells even though it does not locate at the cell membrane. Rather, it seems to be located at the surfaces of small vesicles within the cell that have been postulated to serve as storage for manganese. There may, in addition, be simple phosphate transporters that can also deliver manganese across the cell membrane from the extracellular space into the cytosol because deletion of Smf1p still leaves the cell replete in manganese.

A gene was identified in *S. cerevisiae* that codes for a manganese transporter that brings manganese into the mitochondrial matrix, abbreviated Mtm1, for manganese trafficking factor for mitochondrial MnSOD.^[@ref238]^ This gene is essential for MnSOD activity, but, when deleted, manganese was still found in the mitochondrial matrix. Mtm1 is clearly not just a manganese transporter but also aids in insertion of manganese into the protein. This leads to the as-of-yet unsolved quandary as to why MnSOD is generally metalated properly in vivo even though there is substantially more iron than manganese in most cells and the apoprotein will bind iron equally well as manganese. It was suggested that the iron--sulfur centers that are found in many proteins compete for the iron and contribute to the described metal specificity.^[@ref239]^ Interestingly, the Lyme disease pathogen *Borrelia burgdorferi* is known to contain high levels of manganese and has no requirement for iron. In this case, most SOD is produced as the native Mn-containing form, which is an essential virulence factor, accompanied by a small amount of the apoprotein. However, expression of the MnSOD gene by *S. cerevisiae* in a high-iron medium results in an inactive enzyme.^[@ref240]^

#### 5.2.3.2. Metalation of the apo-Protein {#sec5.2.3.2}

The most complete studies of in vitro metalation of MnSOD have come from Whittaker and co-workers^[@ref241]^ and have involved studies of the MnSODs from *E. coli* and *T. thermophilus*. One of the earliest in vitro metalation studies^[@ref242]^ showed that the tetrameric apoenzyme from *T. thermophilus* could be metalated only at elevated temperature, comparable to that at which the bacterium normally lives. Later it was shown that temperature-mediated destabilization of protein structure was necessary for metalation of a series of bacteria-derived MnSODs, although the necessary temperature was lower for the mesophilic *E. coli* MnSOD than for any thermophilic enzymes. Metalation was found to be nonspecific with regard to metal ion identity, but activity was specific to manganese. A subsequent study^[@ref243]^ showed that the temperature dependence is not specific for the enzymes from thermophiles and that there is a thermally activated process that is first-order in metal ion and pH dependent and occurs in general for tetrameric apo-enzymes. In contrast, metalation of the apoenzyme from *E. coli*, a dimeric enzyme, showed somewhat different characteristics. Once again, metalation is dependent upon temperature,^[@ref168]^ but here the kinetic process seems to dominate. Manganese acquisition is zero-order in metal, implying that the mechanism involves a protein conformational change from a closed to open configuration and that the temperature dependence is associated with the fast phase.^[@cit216a]^ A mechanism was suggested for the thermal activation that involves a more closed structure at lower temperature and pH. Upon temperature elevation, a salt bridge breaks and the enzyme twists slightly to form a more open structure capable of manganese binding, culminating in reversion to the closed structure. Surprisingly, the dimer interface is maintained throughout; there is no transient monomeric structure involved in the thermal metalation process.^[@cit216b]^

A recently published crystal structure of the apo *E. coli* MnSOD shows that, in the crystal form, this protein has the same structure as the metalated enzyme, implying that MnSOD structure is a consequence of the protein folding and not, as is observed in CuZnSOD, somehow "locked down" by incorporation of the metal. In addition, it was suggested that dimer dissociation allows metal incorporation at low protein concentrations.^[@ref244]^

Finally, in an effort to relate some of the observations regarding in vitro metalation to manganese trafficking in vivo, the human MnSOD was expressed in *S. cerevisiae*,^[@ref245]^ in which manganese trafficking research has been carried out extensively, as described in a previous section. Manganese acquisition was found to be thermally gated in vivo in the same fashion as observed in vitro. It should be noted that the yeast studies are generally carried out at room temperature, whereas in vivo temperature for human cells is substantially higher (ca. 37 °C).

5.3. Catalytic Mechanism {#sec5.3}
------------------------

### 5.3.1. Catalysis {#sec5.3.1}

Manganese superoxide dismutase (MnSOD) may be viewed as the most mechanistically complex in the pantheon of superoxide dismutases. In contrast to the other SODs, MnSODs have distinctly different cellular activities at high and low concentrations of superoxide (O~2~^•--^), a result of a phenomenon that has become known as "gating".^[@ref92],[@ref246]^ Furthermore, the extent of the gating varies among species. The mechanism of superoxide dismutation carried out by MnSOD has been elucidated via an array of stopped-flow and pulse radiolysis experiments.

The first pulse radiolysis studies showed two distinct phenomena. At relatively low ratios of O~2~^•--^ to MnSOD (\[O~2~^•--^\]:\[MnSOD\] \< 5), simple oxidation and reduction of the enzyme^[@cit246a]−[@cit246c]^ was observed analogous to what was seen with CuZnSOD and FeSOD. However, when catalysis was studied under conditions where the concentration of O~2~^•--^ was much higher than that of the enzyme, an unusual feature was observed. Superoxide was found to disappear in a biphasic process with an initial fast step and a subsequent slower step, corresponding to a first-order "burst" phase and a "zero-order" phase, respectively (Figure [26](#fig26){ref-type="fig"}). A mechanism that can explain the kinetics involves a branched pathway for reaction of the reduced MnSOD with O~2~^•--^. Either the O~2~^•--^ was rapidly converted to H~2~O~2~ or the O~2~^•--^ was first bound to the manganese site, forming a metal--superoxyl or metal--peroxyl complex (Mn^2+^SOD--O~2~^•--^ or Mn^3+^SOD--O~2~^2--^, here called very generally MnO~2~^+^(H~2~O)), and then the peroxo moiety was protonated and released (see Scheme [4](#sch4){ref-type="scheme"}). This "gating" process was attributed in those studies to a conformational change. It is interesting to note that, even though the two studies were carried out on MnSODs of different origins, *E. coli* and *Bacillus stearothermophilus*, respectively,^[@cit246a]−[@cit246c]^ the gating ratio between the fluxes in the two branches was invariant (Scheme [4](#sch4){ref-type="scheme"}, mechanism 1). This initial mechanism was then expanded to another one accounting for reversibility and protons in the different steps (Scheme [4](#sch4){ref-type="scheme"}, mechanism 2).^[@cit246d]^ In all cases, the formation of a complex between Mn^2+^SOD and O~2~^•--^, generally called the "inhibited complex" or the "dead-end" complex, is required to explain the data. In the more generalized mechanism, a reversible isomerization, rather than a conformational change, was proposed; specifically, the authors proposed that a bound peroxy moiety isomerizes from a side-on to an end-on configuration.^[@cit246d]^ As can be seen in Scheme [4](#sch4){ref-type="scheme"}, mechanism 2 is a generalized version and mechanism 1 is the special case where the equilibria heavily favor forward reactions and the only kinetically relevant intermediate is that described above. The details of the "gating" phenomenon were clarified upon investigation of the human MnSOD^[@ref247]^ and will be discussed in the following section.

![Disappearance of different amounts of O~2~^•--^ in the presence of either 1 μM NiSOD or 1 μM MnSOD.](cr-2013-005296_0038){#fig26}

![Proposed Mechanisms for MnSOD](cr-2013-005296_0002){#sch4}

### 5.3.2. Gating and Protonation {#sec5.3.2}

In a simple ping-pong mechanism, where the manganese oscillates between oxidized (Mn^3+^) and reduced (Mn^2+^) ions, experiments where the oxidized enzyme is exposed to a substoichiometric burst of superoxide should result in stoichiometric loss of the absorption in the visible region. Accordingly, studies where the fully reduced MnSOD is exposed to a substoichiometric burst of superoxide should result in production of the oxidized enzyme with an absorbance band in the visible region at λ~max~ = 480 nm for Mn^3+^SOD (Figure [27](#fig27){ref-type="fig"}A).^[@cit246a]−[@cit246c]^ In the example of Figure [27](#fig27){ref-type="fig"}A, the *Deinococus radiodurans* (*Drad*) Mn^2+^SOD reacted with 5-fold less O~2~^•--^ to form equimolar amounts of the Mn^3+^SOD.^[@ref248]^ The rate constants were similar to that measured under catalytic conditions, 1.2 × 10^9^ M^--1^ s^--1^ per metal site. A very illuminating analogous study was carried out using human Mn^2+^SOD (hMn^2+^SOD).^[@ref92]^ In this case, an initial absorbance was formed rapidly, followed by a slower increase in the absorbance corresponding to Mn^3+^SOD (Figure [27](#fig27){ref-type="fig"}B). The initial absorbance was attributed to MnO~2~^+^(H~2~O) (λ~max~ = 420 nm) and Mn^3+^SOD, which were formed in roughly equal amounts. That corroborates the catalytic studies where the proportion of "burst" phase and "zero-order" phase is very different from that seen in the bacterial systems (Figure [26](#fig26){ref-type="fig"}).

![Absorption bands formed upon exposing Mn^2+^SOD to a burst of O~2~^•--^. (○) Initial Mn^3+^SOD species formed immediately after the pulse; (●) final Mn^3+^SOD species formed after the pulse; and (◇) second transient formed after the pulse. O~2~^•--^ is substoichiometric to MnSOD (\[O~2~^•--^\]:\[MnSOD\] \< 0.12).](cr-2013-005296_0039){#fig27}

A crucial part of the proton-delivery process was elucidated in some studies from Miller and co-workers^[@cit130c],[@cit133b]^ where the proton count upon reduction of Mn^3+^SOD to Mn^2+^SOD was measured. The resting Mn^3+^SOD has a metal-bound hydroxide, and, as the manganese is reduced by O~2~^•--^, there is a concomitant protonation of the bound OH^--^ to a bound H~2~O (eq 18, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}). That allows for the first H^+^ to be locally available for donation to the second O~2~^•--^ molecule (eq 19, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}) such that only one additional H^+^ is required to convert O~2~^•--^ to H~2~O~2~. Theoretical studies of the reduction of Mn^3+^SOD by O~2~^•--^ have shown that the Tyr34 in the proton transfer pathway described above (Figure [24](#fig24){ref-type="fig"}) is responsible for maintaining the thermodynamic barrier to protonation of the hydroxide, and, when O~2~^•--^ coordinates to Mn^3+^SOD, there is a transfer of the proton through O~2~^•--^ to the hydroxide, leading to a proton transfer concomitant with the electron transfer.^[@ref249]^

The great interest in the mechanism described in Scheme [4](#sch4){ref-type="scheme"} is focused on the protonation of the bound peroxy moiety and subsequent loss of H~2~O~2~ (eq 21, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}). To clarify this aspect of the mechanism, many mutations were made of residues in the hydrogen-bonding network described above. In particular, the hydroxyl group of Tyr34, a residue that is conserved in MnSODs from all species thus far characterized, was of interest as the hydroxyl group is thought to be paramount in proton transfer to the peroxo moiety (eqs 19 and 21, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}) and not just to form a thermodynamic barrier to protonation of the hydroxide (eq 18, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}). The most obvious mutant is the Tyr34Phe, where the tyrosine is mutated to a phenylalanine, an amino acid identical to tyrosine except without the hydroxyl group.^[@ref234],[@ref250]^ The Tyr34Phe mutation yields an enzyme where the fast catalysis is eliminated (eqs 18 and 19, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}), although protonation via the slow pathway is relatively unchanged in comparison with the wild-type hMnSOD, as evidenced by the formation of the intermediate but no concomitant fast formation of Mn^3+^SOD (Figure [27](#fig27){ref-type="fig"}C). Upon mutation of Tyr34 to the amino acid asparagine, an additional intermediate was observed (Figure [27](#fig27){ref-type="fig"}D).^[@cit234b]^ In contrast, when a similar replacement of Tyr34 to Phe was made in two bacterial MnSODs, those of *Drad* and *E. coli*, the effect was much less dramatic. Tyr34Phe *Drad* MnSOD had the same gating between the fast pathway (eqs 18 and 19, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}) and the slow pathway (eqs 18, 20, and 21, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}) as the wild-type hMnSOD. The effect of the Tyr34Phe substitution on *E. coli* MnSOD was to lower the catalytic rate constant slightly.^[@cit234a]^ In this case, catalysis was measured via steady-state kinetics, and the effect of a change in protonation of bound peroxide or the gating ratio could not be measured. Given the dramatic effect upon gating observed in the Tyr34Phe hMnSOD mutant, a series of other mutations at position 34 in the human MnSOD were produced. Upon mutation of the tyrosine to alanine, asparagine, glutamine, and valine, gating remained the same with no discernible fast catalytic pathway (eqs 18 and 19, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}); however, large variations were measured in the rate of protonation off of the bound peroxide (*k*~4~).^[@cit234b]^ As noted above, a second intermediate was formed in the majority of these cases.

A recent series of studies^[@cit65a],[@ref251]^ involving the yeast MnSODs, *S. cerevisiae* mitochondrial enzyme (*Sc*MnSOD) and *C. albicans* cytoplasmic enzyme (*Ca*MnSODc), showed that they were isolated predominantly in the reduced form, unlike the majority of other wild-type MnSODs but similar to the Gln143 hMnSOD mutant enzymes (vide infra). These are the most efficient MnSODs isolated thus far, primarily because the gating favors fast catalysis (eqs 18 and 19, mechanism 1, Scheme [4](#sch4){ref-type="scheme"}). Upon oxidation, there is evidence for a small amount of a Mn^3+^ species distinct from the well-characterized five-coordinate Mn^3+^.^[@cit65a]^ This species has an optical absorption around 400 nm and parallel-mode EPR resonances forming a sextet due to nuclear hyperfine interactions with interpeak spacings of approximately 4.5--5.0 mT, consistent with several previously observed six-coordinate Mn^3+^ complexes.^[@cit65a]^ Hydroxide was proposed as the sixth ligand.^[@cit65a]^ A sixth ligand was observed earlier by X-ray crystallography for the *E. coli* MnSOD under cryogenic conditions or at high pH.^[@ref252]^ A mechanism involving a transient 6-coordinate Mn^3+^SOD that is the catalytically active partner with O~2~^•--^ was proposed and is described in section [5.3.3](#sec5.3.3){ref-type="other"}.^[@cit251b]^

Another residue involved in the hydrogen-bonding network that is both at the dimer interface and at the entrance of the active site channel is His30. Upon mutation of His30 to Ala in *E. coli* MnSOD, reduction in activity to ca. 30% of the wild-type activity was observed.^[@ref253]^ A study was carried out in the hMnSOD where the His30 was mutated to Asn, Gln, and Val. The Val mutation led to an extremely inactive enzyme, likely a result of serious steric hindrance by the valine in the active site channel.^[@cit235a]^ In contrast, the His30Asn mutation led to no change in the gating ratio and to significantly slower catalysis, but the rate of protonation and release of the bound peroxy moiety, *k*~4~, was increased by a factor of 4.^[@ref254]^ These minor changes resulted in faster disappearance of O~2~^•--^ when \[O~2~^•--^\] \> \[MnSOD\]. As will be discussed later, this had relevant biological consequences.

The final residue in the hydrogen-bonding network is Gln143 (Gln146 in *E. coli* MnSOD). As noted earlier, this glutamine forms a hydrogen bond with Tyr34 and the water ligand.^[@ref236]^ This residue also plays an important role in metal specificity as mutation of Gln146 to either Leu or His in *E. coli* MnSOD led to impaired metalation and an inactive enzyme.^[@cit236b]^ Replacement of the Glu143 in hMnSOD with smaller residues simply allows solvent water to maintain the hydrogen-bonding network such that protonation and release of the bound peroxy moiety occurs at the wild-type rate (*k*~4~).^[@cit236a]^ However, in all cases, including a recent study of Gln143His rat MnSOD,^[@cit236d]^ thermal stability is sacrificed by altering this glutamine. Mutation of Gln143 also leads to isolation of the reduced enzyme.^[@cit236b]^

Many other single point mutations were made to understand the factors controlling gating and protonation of the bound peroxy moiety in hMnSOD.^[@ref255]^ Of these, the only mutation that alters the gating ratio such as to make hMnSOD more "bacterial-like" is the replacement of Phe66 with Leu in hMnSOD.^[@cit255d]^ This residue lies on the dimer interface, suggesting that it is this interface that warrants further exploration. It is noteworthy that the gating ratio may favor the fast catalytic removal of O~2~^•--^ but protonation has slowed. Indeed, protonation and release of the bound peroxide seems to be slower in most of the prokaryotic enzymes, suggesting a very subtle tuning of these rate constants.

### 5.3.3. Fast Catalysis through Six-Coordinate Mn(III) Species {#sec5.3.3}

The protonation and release of H~2~O~2~ from the inhibited complex (see section [5.3.4](#sec5.3.4){ref-type="other"}) were believed to lead exclusively to the five-coordinate Mn^3+^SOD binding a hydroxide ligand (mechanisms 1 and 2, Scheme [4](#sch4){ref-type="scheme"}). Nevertheless, a recent study of a mutant yeast enzyme, Tyr34Phe *Sc*MnSOD, revealed a novel mechanism involving a six-coordinate Mn^3+^ species that is able to efficiently oxidize O~2~^•--^ into O~2~.^[@cit251b]^ Tyr34Phe *Sc*MnSOD resembles the Tyr34Phe hMnSOD mutants in that the fast pathway was almost completely lost, but an additional transient (Int~2~), analogous to that discussed above (Figure [27](#fig27){ref-type="fig"}D), was generated from the protonation of product-inhibited complex (Int~1~) (Scheme [5](#sch5){ref-type="scheme"}).^[@cit251b]^ On the basis of its optical absorption, this additional transient (Int~2~) was proposed to contain a six-coordinate Mn^3+^ center.^[@cit251b]^ Because the rate constant for formation of Int~2~, *k*~3~′, was reported to be independent of ionic strength, it was concluded that the electrostatic charge had not changed when Int~2~ was generated and that the sixth ligand in Int~2~ could thus be a water molecule,^[@cit234b]^ although the possibility that it is instead OH^--^ or OOH^--^ could not be ruled out.

Surprisingly, although Tyr34Phe *Sc*MnSOD is gated considerably more toward the inhibited pathway relative to WT hMnSOD, the former was found to have higher catalytic efficiency than the latter under inhibiting conditions (Figure [28](#fig28){ref-type="fig"}A). Further analysis of the kinetic data suggested that the putative six-coordinate Mn^3+^ intermediate, Int~2~, rather than the five-coordinate Mn^3+^SOD oxidizes O~2~^•--^ in the catalytic cycle of Tyr34Phe *Sc*MnSOD (Scheme [5](#sch5){ref-type="scheme"}).^[@cit251b]^ The protonation of the inhibited complex in Tyr34Phe *Sc*MnSOD, which leads to formation of the six-coordinate Int~2~, is much faster (*k*~3~′ = 310 s^--1^) than in other systems, which leads to formation of the five-coordinate Mn^3+^SOD (*k*~4~ = 20--120 s^--1^). Therefore, fast catalysis can be achieved via a six-coordinate Mn^3+^ species, bypassing the slow steps leading to five-coordinate Mn^3+^SOD.

![Catalysis and active-site structure of Y34F *S. cerevisiae* MnSOD (*Sc*MnSOD). (A) Decay of 41 μM O~2~^•--^ catalyzed by 1 μM human WT MnSOD (black) and Y34F *Sc*MnSOD (red) in pH 7 phosphate buffer. (B) Superimposition of the active site of Y34F *Sc*MnSOD (chain A, red) onto that of WT *Sc*MnSOD (chain A, green) (adapted from ref ([@cit251b])). Coordination bonds are indicated as solid lines, and hydrogen bonds are shown as dashed lines in WT (black) and Y34F (gray) *Sc*MnSOD, respectively.](cr-2013-005296_0040){#fig28}

![Proposed Mechanisms for Y34F *Sc*MnSOD^[@cit251b]^](cr-2013-005296_0003){#sch5}

The observation of the putative six-coordinate intermediate correlates with the presence of an additional second-sphere water molecule that maintains the hydrogen-bonding network extending from the solvent ligand (Figure [28](#fig28){ref-type="fig"}B). The additional second-sphere water molecule was therefore assigned a role as a proton donor to the bound (hydro)peroxyl group, and this proton transfer could facilitate the rapid protonation of the inhibited complex and the subsequent departure of H~2~O~2~. However, the rapid proton transfer was pH-dependent. At increased pH, it was gradually replaced by a slower proton transfer pathway, which leads to the five-coordinate Mn^3+^ species (Scheme [5](#sch5){ref-type="scheme"}) as in WT hMnSOD. This study has significantly enhanced our understanding of MnSOD catalytic mechanism and may elucidate the reason for the low degree of product inhibition in the yeast enzymes.

### 5.3.4. The Inhibited Complex {#sec5.3.4}

Thus far in this Review, the bound peroxy moiety or "inhibited complex" has been left undefined. A very early suggestion was made that it represented a side-on peroxy moiety bound to the oxidized metal and that isomerization to an end-on structure was necessary to allow its protonation and release.^[@cit246d]^ The end-on conformation of a bound peroxy ligand is supported by several theoretical calculations showing that it is more stable than the side-on one.^[@ref249],[@ref256]^ Additional theoretical work^[@ref154]^ and then a recent cryotrapping experiment showed formation of a side-on peroxo complex.^[@cit252b]^ This species observed in the X-ray structure of H~2~O~2~-soaked crystals, however, does not necessarily represent the intermediates present under catalytic conditions. As long as the side-on peroxy moiety gets a proton from the water ligand, which is proposed to occur instantaneously upon formation of the inhibited complex,^[@ref257]^ the side-on peroxy must switch to an end-on conformation. Moreover, the side-on Mn--peroxo complexes are generally stable, and bound peroxyl would not be easily protonated or released.

The location of the bound peroxyl/hydroperoxyl group is also under debate. It could bind to the sixth ligand site in proximity of Tyr34 in the plane of His26, His74, and Asp159, as azide and fluoride both bind to this site.^[@ref258]^ Indeed, an end-on peroxyl group can be docked into the sixth ligand site without unfavorable steric interactions with the active-site residues.^[@cit251b]^ Moreover, the most probable inhibited complex has been calculated to be an end-on Mn^3+^--hydroperoxo species with HOO^--^ binding to the sixth ligand site and pointing toward the solvent ligand.^[@ref256]^ The peroxyl/hydroperoxyl group has also been proposed to bind at the axial position by replacing the solvent ligand. Such species were once observed in the structure of H~2~O~2~-soaked *Ec*MnSOD,^[@cit252b]^ suggesting they have a long lifetime.

### 5.3.5. Kinetic Variation among Species {#sec5.3.5}

The other unique feature that differentiates MnSOD from other SODs is the kinetic variation among species. This variation seems to be wholly explained by the gating ratio (*k*~2~/*k*~3~). The manifestation of this in the half-life of O~2~^•--^ at a similar concentration of enzyme and superoxide can be seen in Figure [29](#fig29){ref-type="fig"}. The interesting features here are that (i) protonation and release of the bound peroxide remains fairly constant in all species with *k*~4~ ≈ 60--140 s^--1^, (ii) hMnSOD is unquestionably the least efficient of all enzymes shown here, and (iii) the gating ratio varies from 1:1 to 15:1 in favor of fast catalysis. At a gating ratio of 15:1, the superoxide concentration must be significantly greater than 15 times that of the enzyme for any change in the rate of O~2~^•--^ disappearance. This does not seem to be very realistic except perhaps in a superoxide "burst", supporting an observation that whereas the gating phenomenon may be interesting mechanistically, it has little physiological effect in most organisms.^[@ref92]^ It is for hMnSOD, with a gating ratio of 1:1, that a physiological effect might be expected.

![Disappearance of a burst of O~2~^•--^ (41μM) in the presence of 1 μM of MnSOD from different organisms under the same conditions.](cr-2013-005296_0041){#fig29}

Human mitochondria were recently found to generate large bursts of O~2~^•--^, termed "superoxide flashes", in tiny elliptical areas.^[@ref259]^ The observation of those flashes in human mitochondria suggests the inability of hMnSOD to remove efficiently high concentrations of O~2~^•--^ in these tiny spaces in mitochondria, likely as a result of severe product inhibition. The inhibition of hMnSOD is proposed to be associated with the role of H~2~O~2~ as a signaling agent in mammalian cells.^[@cit65a],[@cit251a]^ H~2~O~2~ is found to participate in various cellular processes, including several important mitochondrial signaling pathways, such as tumor necrosis factor (TNF)-α-induced apoptosis and c-Jun NH~2~-terminal kinase (JNK)-induced apoptosis.^[@cit65a]^ The decreased efficiency of hMnSOD under superoxide flashes prevents production of bursts of H~2~O~2~, which would result in aberrant oxidant-driven signaling.

A body of work^[@ref260]^ is accumulating in which overexpression of hMnSOD in human cells has been shown to be closely associated with tumor suppression. In addition, as discussed earlier, when the H30N hMnSOD was cloned into human tumor cells and then into mice with tumors, the result was enhanced cell death or tumoricidal behavior. The in vitro behavior of this enzyme is that at low \[O~2~^•--^\]:\[MnSOD\] it is less efficient but at high ratios it is much more efficient at removing O~2~^•--^, as compared to WT hMnSOD. The variation in catalytic efficiencies among species suggests that MnSOD acts like a true SOD in many species, but, within human cells, it can serve the dual purpose as a signaling agent as well. MnSOD, with this more complex mechanism described above, seems uniquely poised to execute these different roles.

6. Copper--Zinc Superoxide Dismutase {#sec6}
====================================

6.1. History and Properties {#sec6.1}
---------------------------

The history of the SOD enzymes begins in 1969 with the landmark paper by McCord and Fridovich showing that bovine erythrocuprein, a copper-containing protein of unknown function, is in fact a superoxide dismutase.^[@ref104]^ Shortly thereafter, the presence of zinc in the enzyme, in addition to copper, was reported,^[@ref261]^ and the enzyme was subsequently termed copper--zinc superoxide dismutase, CuZnSOD, or SOD1. In 1982, the complete three-dimensional crystal structure of bovine CuZnSOD was solved.^[@ref262]^ Intracellular CuZnSODs, similar to bovine CuZnSOD, are now known to exist as homodimers in almost all eukaryotic organisms, where they play an important role in antioxidant defense. An extracellular form of SOD (EC-SOD), homologous to CuZnSOD, was identified in humans in 1987,^[@ref263]^ and it is now known that EC-SOD is tetrameric and exists in most mammals^[@ref55]^ and in many plants.^[@ref51]^

Initial characterization of CuZnSODs focused primarily on the bovine and human intracellular enzymes, which were found to be remarkably stable. The first fungal CuZnSOD to be isolated was from the budding yeast *S. cerevisiae* by Goscin and Fridovich in 1972,^[@ref264]^ and its gene was cloned and sequenced in 1988.^[@ref265]^ Characterization of *S. cerevisiae* CuZnSOD demonstrated that it was also dimeric and similar to the mammalian enzymes in many respects, but that it was less stable and showed somewhat altered metal-binding properties.^[@cit265b],[@ref266]^ The cloning of the SOD1 gene in yeast enabled construction of sod1-delete yeast strains, which have proven to be a valuable model system for studies of oxidative stress and metal metabolism.^[@ref267]^

CuZnSOD was considered an exclusively eukaryotic enzyme until its isolation from the bacterium *Photobacterium leiognathi*, in 1974.^[@ref268]^ It was subsequently found in the periplasm of many other gram-negative bacteria.^[@ref52],[@ref269]^ Although eukaryotic intracellular CuZnSODs are almost exclusively homodimeric (reviewed in refs ([@ref53],[@ref270])), bacterial periplasmic CuZnSOD may be either monomeric or dimeric.^[@ref66]^ Interestingly, although the subunit fold is conserved in eukaryotic and prokaryotic CuZnSODs, the dimeric interfaces are distinctly different in the prokaryotic versus the eukaryotic dimeric proteins.^[@ref66],[@cit68a]^

In 1993, mutations in the human CuZnSOD gene, which is located on chromosome 21 in the 21q22.11 region, were found to associate with some cases of familial amyotrophic lateral sclerosis (FALS),^[@ref271]^ a neurodegenerative disease characterized by motor neuron death in the brainstem and spinal cord. As reviewed below (section [6.6](#sec6.6){ref-type="other"}), these findings have focused much attention in the field of CuZnSOD on the linkage between mutations in human CuZnSOD and FALS.

6.2. Structure {#sec6.2}
--------------

Intracellular eukaryotic SOD1 is a 32-kDa homodimeric enzyme with each subunit holding one copper- and one zinc-binding site in close proximity and an intramolecular disulfide bond between Cys57 and Cys146 (according to the human SOD1 numbering, which is used throughout this Review). Each subunit folds as an eight-stranded, Greek-key β-barrel with seven connecting loops, of which loops IV (residues 49--83) and VII (residues 121--142), termed as the zinc and electrostatic loops, respectively, are functionally important. The zinc loop contains all four Zn-binding residues and a disulfide cysteine, Cys57. The electrostatic loop contains most of the second-sphere active site residues, including the catalytically important Arg143, and acts as an active-site lid, limiting access of solvent to the metal-binding sites.

The structure of the binuclear metal-binding site is dependent upon the oxidation state of copper. When the copper ion is reduced (Cu^+^), it is ligated by His46, His48, and His120 in a nearly trigonal planar geometry (Figure [30](#fig30){ref-type="fig"}). The zinc ion is coordinated nearby in a nearly tetrahedral geometry by three histidyl imidazoles (His63, His71, His80) and an aspartyl residue (Asp83) (Figure [30](#fig30){ref-type="fig"}). Upon oxidation, the imidazolate side chain of His63 bridges the oxidized (Cu^2+^) copper and zinc ions. In addition to His63, the copper ion also binds a water molecule and becomes five-coordinate in a distorted square pyramidal geometry, while the zinc ion retains the tetrahedral coordination geometry as in the reduced form of the enzyme. A second-sphere residue, Asp124, links the two metal-binding sites by forming hydrogen bonds with both His46 and His71 (Figure [30](#fig30){ref-type="fig"}). Arg143 is a catalytically important second-sphere residue and is linked to copper ligand His48 through hydrogen bonds to Gly61 (Figure [30](#fig30){ref-type="fig"}). It also forms a hydrogen bond with a disulfide cysteine, Cys57.

![Stereo ribbon diagram of dimeric human SOD1 (top) (reproduced from ref ([@ref53])) with the active site highlighted (PDB code: 1PU0) (bottom). Copper and zinc ions are shown as blue and orange spheres, respectively. The zinc loop is shown in orange and the electrostatic loop in teal. The intrasubunit disulfide bond is shown in red. The reduced metal-binding (Cu^+^) site is shown. The diagrams were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0042){#fig30}

The monomer--dimer equilibrium of eukaryotic intracellular CuZnSOD is strongly influenced by the state of metalation and also by the status of the intrasubunit disulfide bonds. These are represented below as X,Y-SOD1^S--S/2SH^, where X and Y stand for the metal ion in copper and zinc site, respectively (E means an empty site), and S--S and 2SH stand for oxidized and reduced disulfide bond, respectively. In the case of human CuZnSOD, the fully metalated protein, with the Cys57--Cys146 disulfide bonds intact (Cu,Zn-SOD1^S--S^), is dimeric, as is the metal ion-free apoprotein (E,E-SOD1^S--S^), so long as the disulfide bond is present. Analytical ultracentrifugation studies^[@ref272]^ of the monomer--dimer equilibrium showed that E,E-SOD1^S--S^ and Cu,Zn-SOD1^S--S^ are stable dimers even at very low concentrations (2 μM).^[@cit272a]^ Monomerization of the mature form of fully metalated bovine or human Cu,Zn-SOD1^S--S^ can occur in vitro in the presence of chaotropic agents, including urea,^[@cit265b],[@ref273]^ guanidinium hydrochloride (GuHCl),^[@ref274]^ and sodium dodecyl sulfate (SDS)^[@ref275]^ (reviewed in ref ([@ref54])). Monomerization of many of the dimeric ALS mutant human Cu,Zn-SOD1^S--S^ occurred at lower urea concentrations than that required to monomerize wild-type human Cu,Zn-SOD1^S--S^, suggesting that the ALS mutations cause a lowering of the subunit affinities (see section [6.6](#sec6.6){ref-type="other"}).^[@ref276]^ These affinities are believed to be substantially weaker in *S. cerevisiae* Cu,Zn-SOD1^S--S^ than in bovine Cu,Zn-SOD1^S--S^, based on the observation that the yeast enzyme readily exchanged subunits under ambient conditions,^[@cit265b],[@ref277]^ whereas exchange of subunits in bovine required the presence of 8 M urea.^[@cit265b],[@cit273b]^

Stable disulfide bonds in intracellular proteins are usually rare, due to the overall reducing nature of the intracellular environment. When and how the disulfide bond of SOD1 is formed is thus intriguing. Given the fact that the cytosol favors reduced thiols, the formation of stable oxidized disulfide bonds in cytoplasmic proteins usually satisfies one of the two following conditions: (1) The disulfide bond has an abnormally low reduction potential and thus displays a high oxidation propensity; and (2) the protein is restricted to certain cellular compartments, such as the endoplasmic reticulum (ER) and the plasma membrane in eukaryotic cells, where the internal environment is relatively more oxidizing as compared to the cytoplasm.^[@ref278]^ In addition, the intracellular disulfide bond formation usually involves a cascade of disulfide bond transfers between a series of proteins.^[@ref278]^

In the case of SOD1, CCS is able to promote disulfide bond formation in addition to delivery of copper into SOD1 (see section [6.4](#sec6.4){ref-type="other"}), although the dependence on CCS varies from species to species. The order of the dependence of SOD1 disulfide formation on CCS scales as yeast \> human \> *C. elegans*, with yeast SOD1 the most dependent and *C. elegans* SOD1 completely independent.^[@ref279]^

The disulfide bond reduction potential was determined by incubating SOD1 with various ratios of oxidized or reduced glutathione or dithiothreitol (DTT) under anaerobic conditions, followed by alkylation of the free cysteine thiols.^[@ref279],[@ref280]^ The disulfide reduction potential of SOD1 was found to vary from species to species^[@ref279]^ but to remain constant whether or not metal ions are present in the native copper and zinc sites.^[@ref280]^ The apoproteins of yeast, human, and *C. elegans* SOD1 have a measured reduction potential of −234, −248, and −270 mV, respectively.^[@ref279]^ SOD1 with a high disulfide reduction potential, such as yeast SOD1, has a low oxidation propensity, which correlates with the protein's dependence on CCS (see section [6.4](#sec6.4){ref-type="other"}). Because the intracellular reduction potential maintained by the GSH/GSSG redox pair is −290 mV, the disulfide cysteines of these three SOD1s would be predominantly reduced in the cytosol.^[@ref279]^ This further explains the requirement for CCS in disulfide oxidation (see section [6.4](#sec6.4){ref-type="other"}). It has been proposed that the disulfide oxidation of CCS-independent SOD1s is facilitated by post-translational modifications (see section [6.4](#sec6.4){ref-type="other"}).^[@ref279]^

Fully functional human Cu,Zn-SOD1^S--S^ is extraordinarily stable, melting at 92 °C and remaining folded in 8 M urea or 1% SDS (reviewed in ref ([@ref53])). Removal of the metal ions (E,E-SOD1^S--S^) decreases the melting temperature to 54 °C,^[@cit272b]^ and reduction of the disulfide bond results in the least stable form (E,E-SOD1^2SH^), which melts at 42 °C.^[@ref53]^ Similarly stable as human SOD1, metalated and apo bovine SOD1 melt at temperatures of 96 and \>50 °C, respectively.^[@ref281]^ Metalated yeast Cu,Zn-SOD1^S--S^ melts at a much lower temperature, 82 °C,^[@ref281]^ and is thus less thermostable than human and bovine Cu,Zn-SOD1^S--S^.

Human and bovine SOD1 each possess two free cysteines, Cys6 and Cys111 (numbering in human SOD1), in addition to Cys57 and Cys146, which are linked in the intrasubunit disulfide bond. Replacement of Cys6 and Cys111 with unreactive side chains elevates the thermostability of human and bovine SOD1, due to removal of the reactive thiol groups and inhibition of the formation of disulfide-cross-linked aggregates (see section [6.6](#sec6.6){ref-type="other"}).^[@cit265b],[@cit270e]^*S. cerevisiae* SOD1 contains only the two cysteines that form the disulfide bond and no free cysteines.

The initial binding of one-zinc per dimer in apo hWT SOD1 has a more profound effect on thermal stability than binding of subsequent metal ions.^[@cit272b]^ The zinc-bound subunit stabilizes the metal-free subunit through dimerization and increases the melting temperature of the apo subunits from 54 to 61 °C,^[@cit272b]^ with the latter requiring dimer dissociation prior to melting. The zinc-bound subunits then self-associate to form a two-zinc dimer, which melts at a much higher temperature (76 °C). Addition of a second equivalent of Zn^2+^ increased the magnitude of the transition attributed to a two-zinc dimer, while the transition attributed to apo subunits was diminished.^[@cit272b]^ The observation of the endotherm of apoprotein in the differential scanning calorimetry (DSC) profile of two-zinc hWT suggests that zinc may dissociate from its binding site during the heating period.^[@ref282]^

Although SOD1 from different species are structural homologues, they display different metal-binding behavior in vitro. Co^2+^ is commonly used as a substitute for Zn^2+^ in metal-binding studies because the latter is spectroscopically silent, while Co^2+^, when bound to human SOD1, gives three intense bands in the optical spectrum.^[@ref283]^ Titration of Co^2+^ into human and bovine apo-SOD1 at pH 5.5 resulted in a two-cobalt derivative with Co^2+^ occupying the zinc site in each subunit.^[@ref283]^ In contrast, *S. cerevisiae* apo-SOD1 bound 2 equiv of Co^2+^ only if the pH was raised to 7 or higher, and in this case, the two Co^2+^ ions occupied both the copper and the zinc sites of the same subunit, leaving out a metal-free subunit.^[@ref283]^ The metal-free subunit was thus termed the "phantom subunit".

The "phantom subunit" phenomenon may be explained by the theory of internal stress proposed by Das et al.^[@ref284]^ Internal stress is proposed as a prerequisite for high metal-binding affinity of SOD1.^[@ref284]^ It therefore seems likely that apo *S. cerevisiae* SOD1 has less internal stress than apo hSOD1, leading to lower metal-binding affinity. Moreover, binding of one metal ion per dimer significantly stabilizes the dimeric form of WT hSOD1.^[@cit272b]^ Thus, when the apo form of *S. cerevisiae* SOD1 binds one metal ion, the metalated and the apo subunits will both be stabilized, which would further reduce the metal-binding affinity of the apo subunit so that it does not bind any metal ions.

The in vivo metalation of WT and FALS mutant hSOD1 in the cytoplasm of *E. coli* and human cells has been monitored directly by in-cell NMR in elegant studies by Banci and co-workers.^[@ref285]^ Addition of zinc ions to cell media led to the Zn-bound form (E,Zn-SOD1^2SH^).^[@cit285a],[@cit285c]^ When cell media were supplemented with copper, the recombinant hSOD1 expressed in *E. coli* cells bound copper stoichiometrically and formed the fully metalated protein, while only ∼25% of hSOD1 expressed in human cells was incorporated with copper.^[@cit285a]^ Indirect measurement of the in vivo metalation state by ^64^Cu autoradiography^[@ref286]^ has identified the presence of copper-free SOD1 in human lymphoblasts^[@cit286b]^ and mouse fibroblasts.^[@cit286c]^

6.3. Catalytic Mechanism {#sec6.3}
------------------------

### 6.3.1. SOD Reaction {#sec6.3.1}

One molecule of O~2~^•--^ reduces the Cu^2+^ center and forms O~2~ (eq [25](#eq25){ref-type="disp-formula"}), and a second molecule of O~2~^•--^ oxidizes the Cu^+^ ion and forms H~2~O~2~ (eq [26](#eq26){ref-type="disp-formula"}). The rates of the two half reactions are both nearly diffusion-controlled at physiological pH.^[@ref53]^ The reactivity of the holoenzyme is nearly independent of pH over the range of 5.0--9.5 (reviewed in ref ([@ref53])).

The mechanism described above is deceptive in its simplicity. As noted earlier, there is a two-proton requirement for the disproportionation process, and the structural change (shift of the imidazole) upon reduction of Cu^2+^ to Cu^+^ demonstrates delivery of the first proton to the active site in this process. The "gating" observed in MnSOD and the redox control and *k*~cat~/*K*~m~ phenomena found in FeSOD are not detectable in SOD1. However, the proton requirement becomes important when the bond between the bridging imidazole and the zinc is broken. The pH-independent region (pH 6--10) for diffusion-controlled catalysis has been shown to be pH-dependent when the zinc is absent (Cu,E-SOD1).^[@ref287]^ The pH-independence was restored when a non-native divalent metal ion such as Cu^2+^ or Co^2+^ was bound to the zinc site.

In fast kinetic studies using substoichiometric amounts of superoxide, it is possible to measure the rate constants for eqs [25](#eq25){ref-type="disp-formula"} and [26](#eq26){ref-type="disp-formula"} individually. Equation [25](#eq25){ref-type="disp-formula"} was shown to be pH-independent regardless of the presence or absence of a metal ion in the zinc site. However, eq [26](#eq26){ref-type="disp-formula"} was shown to be very pH-dependent, with an abrupt drop in activity at pH \> 6 in the absence of a metal in the zinc site. This drop in activity has a 2-fold origin. It occurs in part because, upon reduction of Cu^2+^ to Cu^+^, the imidazole dissociates from copper and protonates and, in the absence of zinc or another metal ion in the zinc site, the copper becomes fluxional. In the absence of a copper chelator, some portion of the "fluxional" copper can bind in the zinc site, where it provides no SOD activity. The resulting Cu,Cu-SOD1 enzyme is robust, albeit with reduced SOD activity because the amount of Cu in the native copper site has been reduced. In the presence of a copper chelator, the enzyme loses activity dramatically with increasing pH as a result of copper loss from the native copper site.

The other significant feature in the SOD1 mechanism is that of the electrostatic guidance of the O~2~^•--^ into the active site. In this class of enzymes, the electrostatic guidance can be attributed almost completely to the arginine 143 that sits on the active site lid.^[@ref288]^ Upon neutralization of the positive charge of Arg143 (Arg143Ile), the rate constant drops by an order of magnitude.^[@cit270e],[@cit288c]^ Charge reversal by conversion of the positive charge to a negative charge (Arg143Asp or Arg143Glu) leads to a drop in the rate constant by another order of magnitude.^[@cit270e],[@cit288c]^ Furthermore, the carboxylate moiety of the substituted glutamate and aspartate can be protonated and deprotonated reversibly with a p*K*~a~ for both of those amino acids of ca. 6.2. Upon protonation (and charge neutralization) of the glutamate/aspartate mutant enzyme, the rate of catalysis becomes similar to that of the charge neutralized isoleucine mutant (Arg143Ile SOD1).

### 6.3.2. Peroxidative Reaction {#sec6.3.2}

SOD1 is known to exhibit peroxidative activity in addition to its dismutase activity.^[@ref53]^ The reaction of Cu^2+^-SOD1 with a molecule of H~2~O~2~ leads to the reduction of the copper ion and the production of superoxide (eq [27](#eq27){ref-type="disp-formula"}). Cu^+^-SOD1 reacts with a second molecule of H~2~O~2~, producing a hydroxyl radical at the active site and a hydroxide ion (eq [28](#eq28){ref-type="disp-formula"}). The highly reactive hydroxyl radical at the active site is able to oxidize the histidyl imidazole ligands,^[@ref53]^ ultimately leading to loss of the copper ion and inactivation of the enzyme.

Equation [28](#eq28){ref-type="disp-formula"} has been shown to involve HO~2~^--^ itself, and, because the p*K*~a~ of HO~2~^--^, H^+^/H~2~O~2~ is 11.9, the reaction rate increases an order of magnitude for every unit increase in pH from pH 7--11. At low pH (pH \< 7), there is some indication that H~2~O~2~ becomes competitive as evidenced by a relatively pH invariant region around pH 5--6. Clearly, HO~2~^--^ has the same charge as O~2~^•--^, and it has been shown to be subject to the same ionic strength constraints as O~2~^•--^ (see section [2](#sec2){ref-type="other"}).^[@ref289]^

Bicarbonate is known to accelerate the inactivation of SOD1 by H~2~O~2~ in the absence of phosphate.^[@ref53]^ Elam et al.^[@ref290]^ proposed a mechanism of bicarbonate-mediated peroxidation by SOD1. In this mechanism, the oxidation of Cu^+^-SOD1 in the presence of bicarbonate occurs through peroxycarbonate (CO~4~^2--^), which can be formed from HO~2~^--^ reacting with the enzyme-bound CO~3~^2--^ (eqs [29](#eq29){ref-type="disp-formula"} and [30](#eq30){ref-type="disp-formula"}). Peroxycarbonate is subsequently reduced to an enzyme-bound carbonate radical, CO~3~^•--^, which leads to fast modifications of active-site residues and inactivation of the enzyme. A recent kinetic study provided evidence in support of this proposed mechanism by showing that the oxidation of Cu^+^-SOD1 by peroxycarbonate is more than 100-fold faster than the oxidation of Cu^+^-SOD1 by H~2~O~2~.^[@ref291]^

Direct structural evidence showing the capture of a (bi)carbonate ion at the active site of human SOD1 has recently been found.^[@ref292]^ In Cu^+^-SOD1, it acts as an inner-sphere ligand by directly coordinating to the copper, and the Cu^+^ becomes four-coordinate.^[@ref292]^ In contrast, in Cu^2+^-SOD1, (bi)carbonate sits ∼5 Å away from the copper.^[@ref292]^ The inner-sphere binding of (bi)carbonate in Cu^+^-SOD1 confirms the presence of a bicarbonate-bound Cu^+^ species as proposed by Elam et al.,^[@ref290]^ while the outer-sphere binding of (bi)carbonate in Cu^2+^-SOD1 suggests a diffusible rather than enzyme-bound carbonate radical CO~3~^•--^ in eq [30](#eq30){ref-type="disp-formula"}.

Liochev and Fridovich have proposed an alternative mechanism for the bicarbonate-mediated inactivation of SOD1, arguing that Cu^+^-SOD1 is oxidized by H~2~O~2~ to Cu^2+^-SOD1 bound with a hydroxyl radical (HO^•^) (eq [28](#eq28){ref-type="disp-formula"}), and that CO~2~ reacts with HO^•^ to produce the carbonate radical (CO~3~^•--^) that ultimately results in the enzyme inactivation.^[@ref293]^ They provided convincing evidence that CO~2~ rather than bicarbonate facilitates the peroxidation reaction of SOD1 in the presence of H~2~O~2~.^[@cit293a]^ Hence, the mechanism of the bicarbonate-mediated peroxidation by SOD1 remains controversial.

6.4. Maturation Reactions {#sec6.4}
-------------------------

Activation of SOD1 involves several post-translational modifications, including acetylation of the N-terminus, insertion of copper and zinc ions, intramolecular disulfide formation between Cys57 and Cys146, and dimerization. These different steps are collectively called maturation reactions.

Several studies have shown that uptake of zinc occurs without the need of a chaperone,^[@ref266],[@cit285a]^ while the pathway of copper uptake varies from species to species. The incorporation of copper into SOD1 is known to occur via CCS in many organisms, including human and yeast,^[@cit270d]^ presumably through formation of an SOD1--CCS heterodimeric complex.^[@ref294]^ CCS also facilitates the disulfide bond formation in an O~2~-dependent manner.^[@ref266]^ In addition to maturation via CCS, human SOD1 acquires copper through a CCS-independent pathway, in which copper is delivered into SOD1 by Cu(I)--GSH complexes and disulfide is oxidized without O~2~.^[@ref295]^*Caenorhabditis elegans* does not express CCS, and its SOD1 is activated solely through the CCS-independent pathway.^[@ref279]^

Although the activation of *Saccharomyces cerevisiae* SOD1 was originally believed to rely totally on CCS, with strict requirements for copper and O~2~,^[@ref279],[@ref295]^ it has recently been found that 15--20% of the yeast SOD1, when overexpressed in the absence of CCS, was able to acquire copper in vivo and to rescue the lysine auxotrophy, even in media depleted of copper.^[@ref296]^ Moreover, 30--50% of the disulfide bond of the yeast SOD1 was oxidized without CCS under these conditions.^[@ref296]^

The molecular mechanism of SOD1 activation in vitro by CCS has largely been revealed. The CCS monomer can be divided into three domains (Figure [31](#fig31){ref-type="fig"}). The N-terminal Domain I has a copper chaperone ATX1-like structure (ATX1: antioxidant 1 copper chaperone) and harbors the MXCXXC copper-binding motif. Domain II is a homologue to SOD1 and is critical for CCS to interact with an SOD1 subunit.^[@cit270d]^ Only a disulfide-reduced SOD1 can interact and form a heterodimer with CCS.^[@cit270d]^ Domain III is a short polypeptide with a conserved CXC motif. In a recent study, the maturation of human SOD1 in vitro via full-length or truncated forms (with one or two domains) of human CCS was studied using NMR and mass spectrometry.^[@ref297]^ The findings confirmed that Domain I of CCS is responsible for copper transfer and that Domain II is critical for the SOD1-CCS interaction (Figure [31](#fig31){ref-type="fig"}). Convincing evidence also exists that Domain III is required for the disulfide bond formation in SOD1 via disulfide transfer through the two conserved cysteines in the CXC motif (Figure [31](#fig31){ref-type="fig"}).^[@ref297]^ Although Domain III is able to bind copper, it should be noted that its affinity for copper is more than 1 order of magnitude weaker than the affinity of Domain I^[@ref298]^ and that Domain III cannot donate copper to SOD1.^[@ref297]^ Earlier studies indicated that CCS is able to activate the disulfide-reduced, apo human SOD1 (E,E-SOD1^2SH^);^[@ref266],[@cit270d]^ however, a recent study showed that the Zn-bound form, E,Zn-SOD1^2SH^, rather than E,E-SOD1^2SH^ rapidly acquired copper from CCS,^[@ref297]^ suggesting that zinc binding could be a necessary step prior to copper incorporation.

![Schematic mechanism of CCS-dependent hSOD1 maturation in vitro (reproduced from ref ([@ref297])). (1) Nascent hSOD1 (E,E-hSOD^SH^) acquires zinc from an unknown source, producing E,Zn-hSOD1^SH^. (2) The hSOD1^SH^ monomer forms a heterodimer with a monomer Cu(I)-hCCS. The current study suggests that copper transfer (3) occurs before formation of the intermolecular (4), and then hSOD1 intramolecular (5), disulfide bond, resulting in the mature monomer (6) that dimerizes to the active state.](cr-2013-005296_0043){#fig31}

The formation of the disulfide bond in SOD1 was monitored in live *Escherichia coli* and human cells using in-cell NMR.^[@cit285a],[@cit285c]^ Expression of hSOD1 in human HEK293T cells without zinc or copper supplements resulted in two forms of disulfide-reduced SOD1, the apo form (E,E-SOD1^2SH^) and the Zn-bound form (E,Zn-SOD1^2SH^).^[@cit285a]^ Zn^2+^ supplemented to growth media was taken up by hSOD1 expressed in *E. coli* and human cells, leading to the disulfide-reduced, Zn-bound protein (E,Zn-SOD1^2SH^).^[@cit285a],[@cit285c]^ Coexpression of human CCS with human SOD1 in zinc-supplemented media resulted in Cu-deficient, Zn-bound SOD1 with ∼50% oxidized disulfide bond, and complete disulfide formation was observed after the cells were incubated with Cu(II).^[@cit285a]^ These findings suggest that the disulfide oxidation of SOD1 by CCS can occur independently of copper insertion.^[@cit285a]^

6.5. Functional Studies {#sec6.5}
-----------------------

Studies of the in vivo functions of eukaryotic CuZnSODs have benefited greatly from the development of SOD1-deletion mutant strains particularly in yeast and in mice. Yeast strains lacking CuZnSOD (*sod1*Δ) were first created by deletion-replacement mutations in the *S. cerevisiae* CuZnSOD gene.^[@cit267a]^ Higher levels of oxidative damage to both cytosolic and mitochondrial proteins in the *sod1*Δ strain as compared to those in wild-type yeast provide evidence that CuZnSOD protects yeast from oxidative stress.^[@ref299]^

Comparison of *sod1*Δ to wild-type strains has also revealed a number of O~2~-dependent defects in *sod1*Δ yeast.^[@ref300]^ When grown aerobically, *sod1*Δ yeast is auxotrophic for lysine,^[@cit300a]^ methionine,^[@cit300a]^ and leucine.^[@cit300c]^ The lysine and leucine auxotrophies have been attributed to O~2~^•--^-induced inactivation of the iron--sulfur cluster enzymes involved in their biosynthetic pathways.^[@cit300c]^ The defect of methionine biosynthesis appears to be due to depletion of NADPH by oxidative stress, as NADPH is critical for the function of two enzymes in the methionine biosynthesis pathway.^[@cit300f]^ The *sod1*Δ phenotypes also include impaired growth in air or 100% O~2~,^[@cit300d]^ increased intracellular iron,^[@cit300b],[@cit300d]^ vacuolar fragmentation,^[@cit300d]^ poor stationary-phase survival,^[@cit300d],[@ref301]^ increased O~2~ consumption and respiration,^[@cit300e],[@ref302]^ lack of growth on ethanol,^[@ref301]^ sensitivity to high levels of zinc,^[@cit300d]^ and sensitivity to high pH, salt, and temperature.^[@cit300d],[@ref303]^ Moreover, two recent studies demonstrated disrupted glucose repression in *sod1*Δ yeast.^[@cit300e],[@ref302]^

The effects of CuZnSOD deficiency in invertebrates vary from species to species. CuZnSOD-null *Drosophila* show a severe phenotype, that is, infertility and 80% reduction in lifespan.^[@ref304]^*C. elegans* shows a very different behavior when SOD genes are inactivated. In *C. elegans*, there are five distinct genes that encode SODs, in which *sod-1* and *sod-5* code for the cytosolic CuZnSOD. Inactivation of one or more of these genes results in enhanced evidence of oxidative stress, but lifespan was unaffected.^[@ref305]^ A recent study by van Raamsdonk and Hekimi showed that the deletion of all five SOD genes in *C. elegans* increased levels of oxidative damage but again had minimal effect on lifespan.^[@ref306]^ These results challenge the oxidative stress theory of aging, at least in the *C. elegans* model system.

Early studies of CuZnSOD-null mice showed that they had normal development and survival,^[@ref226]^ in sharp contrast to MnSOD-null mice, which have severely pathogenic phenotypes.^[@ref224],[@ref225]^ However, more recent studies found a ∼30% decrease in the lifespan of the *sod1*--/-- mice but not in that of the *sod1*+/-- mice.^[@ref307]^ The reduction in the lifespan of the *sod1*--/-- mice has been ascribed to a higher incidence of hepatocellular carcinoma.^[@cit307b]^

The deletion of CuZnSOD gene in mice leads to many different phenotypes resembling aging, and CuZnSOD-knockout mice are therefore often considered as accelerated-aging models. For example, female mice lacking CuZnSOD have defects in ovarian function, leading to infertility.^[@ref308]^ Although CuZnSOD is not required for motor neuron development and function,^[@ref226]^ the motor neurons of the *sod1*--/-- mice have been reported to display mitochondrial dysfunction and axonal degeneration, leading to accelerated age-related muscle atrophy.^[@ref309]^ CuZnSOD-null mice also develop hearing loss^[@ref310]^ and several eye diseases, such as age-related macular degeneration (AMD)^[@ref311]^ and cataract,^[@ref312]^ at earlier ages as compared to the wild-type mice.

In the case of bacteria, CuZnSOD is low in abundance relative to manganese- and iron-containing SODs, but it is induced under aerobic conditions.^[@ref52]^ It is therefore surprising that no phenotypes have been identified in CuZnSOD deletion mutants, even during aerobic growth.^[@ref313]^ The periplasmic localization of prokaryotic CuZnSOD suggests that this enzyme may play a role in defending bacteria against oxidative stress, and the enzyme has been proposed to protect pathogenic bacteria from the oxidative burst of mammalian macrophages by limiting the formation of a more destructive ROS, peroxynitrite, from superoxide and nitric oxide.^[@ref314]^ Early studies showed that CuZnSOD-deficient bacterial mutants were significantly more sensitive to extracellular superoxide generated by the xanthine/xanthine oxidase system.^[@cit313b],[@ref314],[@ref315]^ In another study, however, the presence of catalase, rather than purified CuZnSOD, was able to protect bacterial cells fully against the xanthine/xanthine oxidase system,^[@cit313a]^ suggesting that the detrimental effects come from hydrogen peroxide rather than superoxide. The CuZnSOD-deficient mutants were indeed more sensitive to higher levels of extracellular H~2~O~2~ as compared to the wild types,^[@cit313a]^ possibly suggesting that superoxide generated in the periplasm, if not removed by CuZnSOD, exacerbates oxidative damage caused by H~2~O~2~.

6.6. ALS Mutant Human CuZnSODs {#sec6.6}
------------------------------

### 6.6.1. Aggregation and SOD1-Linked ALS {#sec6.6.1}

ALS is a fatal neurodegenerative disease characterized by progressive death of motor neurons, leading to paralysis and eventually to patient death. The majority of ALS cases are sporadic (SALS), that is, of unknown cause, while a small subset of ALS cases is inherited or familial (FALS). Of all FALS cases, 10--15% are associated with mutation in the SOD1 gene. SOD1-linked FALS remains the most thoroughly studied form of inherited ALS.

As of 2013, more than 160 ALS-causing mutations, scattering throughout the 153-residue polypeptide, have been identified in the SOD1 gene (Figure [32](#fig32){ref-type="fig"}). They are predominantly missense mutations with a few insertions, deletions, and C-terminus truncations.^[@ref53],[@ref316]^ The mutations are classified into two groups according to their locations, the metal-binding-region (MBR) mutations, and the wild-type-like (WTL) mutations.^[@ref317]^ MBR mutations locate at metal-binding residues or at the electrostatic loop. WTL mutations locate at positions remote from metal-binding sites.

![Secondary structure representation of SOD1 showing the locations of FALS-linked mutations (left) and a monomer of SOD1 (right) colored to match the drawing on the left (reproduced from ref ([@ref53])). Copper ligands are shown in green and zinc ligands are shown in red. Copper and zinc ions are shown as green and gray spheres, respectively, and the intrasubunit disulfide bond is shown in red. Point mutation, deletions, and insertions are indicated with a line, whereas mutations that cause C-terminal truncations are shown as scissor cuts at the point of the stop codon.](cr-2013-005296_0044){#fig32}

FALS-linked SOD1 variants cause motor neuron loss by a gain of toxicity rather than a loss of SOD activity,^[@ref53],[@ref282],[@ref318]^ which has been supported by several lines of evidence. SOD1-deficient mice do not develop motor neuron degeneration;^[@ref226]^ in contrast, mice expressing FALS SOD1 variants develop ALS-like symptoms, even though they express normal levels of endogenous murine SOD1.^[@ref319]^ Moreover, many FALS variants possess normal enzymatic activity, and there is no correlation between levels of SOD activity and disease severity.^[@ref320]^

Extracellular amyloid fibrils or intracellular inclusions with amyloid-like characteristics are found in many neurodegenerative diseases associated with peptide or protein aggregation.^[@ref321]^ Becuse SOD1-positive intracellular inclusions were found in ALS patients and transgenic mice (Figure [33](#fig33){ref-type="fig"}), aggregation of SOD1 protein is widely believed to underlie the disease etiology.^[@ref53],[@cit270b],[@cit270d],[@ref282],[@ref318],[@ref322]^ In addition, the results of several recent studies suggest that aggregated SOD1 is able to transmit from cell to cell in a fashion resembling prion proteins.^[@ref323]^ Misfolding and aggregation of SOD1 in ALS has been reviewed thoroughly elsewhere.^[@ref53],[@cit270b],[@cit270c],[@ref282],[@cit318a],[@cit322c],[@ref324]^

![Aggregated forms of SOD1 found in vivo (A and B) and in vitro (C and D). (A) An SOD1-containing inclusion from the spinal cord of a FALS patient expressing a C-terminal truncated mutant SOD1, L126stop (reprinted with permission from ref ([@ref420])). (B) SOD1-containing inclusions (arrowheads) from the spinal cord of transgenic mice expressing G85R hSOD1 (reprinted with permission from ref ([@ref420])). The tissue was stained with an antibody recognizing both mouse and human SOD1. (C) Electron micrographs of SOD1 fibrils generated in the presence of 1 M GdHCl (left) and 5 mM DTT (right) (scale: 1 cm = 200 nm) (adapted from ref ([@cit328b])). (D) AFM images of WT (left) and L38V (right) fibrils (scale: 1 cm = 100 nm) (adapted from ref ([@ref329])). Insets show the magnified helical twist of the fibrils.](cr-2013-005296_0045){#fig33}

Unlike many other aggregative peptides and proteins (amyloid β, prion protein, α-synuclein, tau, and huntingtin protein) that are natively unfolded, mature, dimeric holo-SOD1 (Cu,Zn-SOD1^S--S^) is very stable; therefore, the nascent, immature SOD1, lacking one or more of the post-translational modifications, is proposed to be responsible for aggregation of the protein in SOD1-linked FALS cases. Indeed, disulfide-reduced SOD1 was found to accumulate in transgenic mice expressing hWT and FALS mutant SOD1.^[@ref325]^ Spinal cords from ALS-transgenic mice and a SOD1-linked FALS patient were stained positively with antibodies that recognize exposed dimer interface.^[@ref326]^

Upon removal of metal cofactors and/or of the intracellular disulfide, hWT SOD1 and FALS mutants aggregate in vitro either without^[@ref327]^ or with^[@ref328]^ mechanical agitation, with time courses similar to those determined for other amyloid peptides and proteins. The formation of amyloid fibrils of WT and FALS mutant SOD1s in vitro was confirmed using electron microscopy (EM) and atomic force microscopy (AFM) (Figure [33](#fig33){ref-type="fig"}). AFM images of SOD1 amyloid fibrils showed the "bead-like" morphology due to periodic twists on the fibrils. The twist distance differs substantially between hWT and some FALS mutant fibrils.^[@ref329]^ The protease resistant pellets recovered from partial proteolytic digestion of WT and FALS mutant SOD1 fibrils contained predominantly the N-terminal region (1--63) of SOD1, suggesting that the mechanisms of fibril formation were similar for WT and mutant SOD1 proteins and resulted in burial of the N-terminal regions of the SOD1 protein in the core of the amyloid fibril.^[@ref329]^

### 6.6.2. Structure {#sec6.6.2}

Structures of WTL ALS mutant SOD1 proteins tend to resemble that of the WT enzyme except for local structural differences at the sites of mutation, while MBR SOD1 structures show a wider range of structural variations. Atomic-resolution structures have been determined for the WTL variants, Ala4Val,^[@cit276b],[@ref330]^ Gly37Arg,^[@ref331]^ His43Arg,^[@ref332]^ Thr54Arg,^[@ref333]^ Gly93Ala,^[@ref330]^ and Ile113Thr.^[@cit276b],[@ref333]^ In the MBR class, structures have been published for His46Arg,^[@ref334]^ Gly85Arg,^[@ref335]^ His80Arg,^[@ref336]^ Asp124Val,^[@ref336]^ Asp125His,^[@ref290]^ Ser146Asn,^[@ref334]^ and His46Arg/His48Gln (a combination of two MBR mutations).^[@ref337]^

The zinc and electrostatic loops are frequently observed to be disordered in FALS SOD1 variants, as suggested by the breaks in the loop elements in their electron density maps.^[@ref330],[@ref334],[@ref337],[@ref338]^ As a result of the disorder in the loop elements, the edges of β-strands 5 and 6 become deprotected, leading to nonnative hydrogen-bonding and apolar interactions between SOD1 dimers, and self-assembly of β-barrels into high-order filamentous arrays.^[@ref334]^ Three different filamentous arrays have been observed (Figure [34](#fig34){ref-type="fig"}): (1) linear amyloid-like filaments, (2) zigzag filaments, and (3) water-filled nanotubes. Both linear amyloid-like and zigzag filaments arise through the stacking of SOD1 β-barrels along a direction perpendicular to the dimer interface, while water-filled nanotubes are helical filaments consisting of four SOD1 dimers per turn and an inner water-filled cavity.^[@ref334]^ The crystallographic observation of high-order filamentous structures of ALS mutant SOD1 proteins may be related to the mechanism of formation of abnormal protein aggregates in ALS patients and disease models.^[@ref319],[@ref339]^

![High-order filamentous assemblies formed by SOD1 mutant proteins (reprinted with permission from ref ([@ref334]); this figure was modified from Figures 2--4 in the original paper). (A) Orthogonal views of the linear, amyloid-like filaments formed by S134N and apo H46R, represented by three dimers shown from top to bottom in green, gold, and blue, respectively. A schematic diagram of the tubular filament is shown in (i). Image (iv) is related to (ii) and (iii) by a rotation of 90°. (B) Orthogonal views of the zigzag filaments formed by apo H46R, represented by three SOD1 dimers in the same orientation as in (A). Image (iii) is related to (i) and (ii) by a rotation of 90°. (C) Orthogonal views of the water-filled helical filaments formed by Zn-H46R. One-half of the helical Zn-H46R filament, shown in (i) and (ii), is represented by the two dimers shown from top to bottom in green and gold. Image (ii) is related to the left half of (iii) by a rotation of 90°.](cr-2013-005296_0046){#fig34}

FALS variants of SOD1 are generally more prone to unfolding than hWT. In global hydrogen--deuterium exchange (HDX) analysis, hWT apo-SOD1 (E,E-SOD1^S--S^) became fully deuterated only when its melting temperature (52 °C) was reached, while the fully exchanged forms of Ala4Val and His48Gln apoproteins appeared at much lower temperatures, 36 and 42 °C, respectively.^[@ref340]^ Moreover, the third and fourth β strands, β3 and β4, of Ala4Val and Gly93Arg apoproteins are considerably less protected from HDX (Figure [35](#fig35){ref-type="fig"}).^[@ref340],[@ref341]^ Because SOD1 amyloid fibrils have extensive β-sheet structure in a parallel arrangement (Figure [35](#fig35){ref-type="fig"}B),^[@ref321]^ the results of the simulation and HDX analysis described above suggest the possibility of the unfolding and displacement of some β-strands initiating amyloidogenesis and subsequent aggregation of SOD1.

![β3 and β4 strands (belonging to peptide 21--53) of apo mutant SOD1s are substantially more unfolded at physiological temperatures than those of apo hWT. (A) Profiles of the fractions of fully exchanged peptide 21--53 are shown as a function of temperature for the hWT, A4V, and G93R SOD1 proteins (reprinted with permission from ref ([@ref340])). In this plot, the percentages of fully exchanged peptides are determined by the fractional area under the deconvoluted *m*/*z* curves in the mass spectra. (B) Structure of a monomer of hWT SOD1 (PDB code: 1PU0) with peptide 21--53 highlighted in green. This figure was generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0047){#fig35}

The holo enzymes of Gly93Ala^[@ref342]^ and Ser134Asn^[@ref343]^ variants exhibit a different mobility in solution relative to hWT, as revealed by NMR analysis. In contrast to hWT monomers, which are mostly folded at neutral pH and 37 °C,^[@ref344]^ many FALS mutations lead to substantial increases in the fraction of unfolded monomers,^[@cit276a],[@ref344]^ due to the destabilization of the monomer structure or the dimer interface or both.^[@cit276a]^ SOD1 apoproteins undergo a conformational change between the folded state and a short-lived excited state, the latter characterized by transient structural distortion revealed by nuclear spin relaxation dispersion experiments.^[@ref345]^ As compared to hWT SOD1, the population of the excited state is increased in three WTL-variants, Ala4Val, Asp90Ala, Gly93Ala, and one MBR-variant Gly85Arg.^[@ref345]^ Relative to hWT SOD1, the unfolding of FALS mutants (Ala4Val, Gly37Arg, Gly85Arg, Gly93Ala, and Ile113Thr) in GuHCl undergoes a different pathway, populating higher fractions of Zn-loaded, Cu-deficient intermediates.^[@ref346]^ The higher propensity of FALS mutants to unfolding as well as the different unfolding pathway may be involved in aggregation and pathogenesis of these mutants in ALS.

Many FALS mutations are known to shift the monomer--dimer equilibrium of SOD1 toward monomer either by disrupting the dimer interface or by diminishing the protein's ability to bind metals and contain a disulfide bond. Lindberg et al.^[@cit276a]^ determined the monomer--dimer equilibrium of 15 FALS variants by size-exclusion chromatography and thermodynamic analysis. Most WTL variants tested in this study were found to possess a weakened dimer interface as compared to hWT.^[@cit276a]^

FALS mutations have been known to increase the susceptibility of SOD1 to disulfide reduction. Several WTL variants were found to be more prone to disulfide breakage under reducing conditions than hWT, albeit containing similar amounts of copper and zinc as hWT protein.^[@ref347]^ MBR and metal-deficient WTL variants were found to contain a more labile disulfide bond than hWT,^[@ref347]^ due to the lack of stabilizing effects from metal binding.

A study by Bouldin et al.^[@ref280]^ explored the kinetics of disulfide reduction and found that Ala4Val and Gly93Ala were reduced at a faster rate than hWT, suggesting that the disulfide bond is kinetically more susceptible to reduction in FALS mutants than in hWT. Nevertheless, FALS mutations do not necessarily thermodynamically destabilize the disulfide bond. The disulfide reduction potential determined for the apo forms of hWT, Ala4Val, and Gly93Ala hSOD1 is −301, −282, and −315 mV, respectively,^[@ref280]^ suggesting the order of disulfide stability scales as Gly93Ala \> hWT \> Ala4Val.

Contrary to an early study showing that the destabilization of the apo state is a common feature to all FALS variants,^[@ref348]^ a later study by Rodriguez et al.^[@ref349]^ showed that the apoproteins of several MBR variants have equal or higher thermal stability than apo hWT. Although most apo WTL variants are destabilized relative to apo hWT,^[@ref349]^ the DSC profiles of three apo WTL variants, Asp101Asn, Glu100Lys, and Asn139Lys, are nearly identical to that of apo hWT. While the E,E-SOD1^S--S^ form of all FALS mutants melts above 37 °C,^[@ref349]^ the E,E-SOD1^2SH^ form of many mutants melts at or below 37 °C.^[@ref349],[@ref350]^ Furthermore, the destabilization caused by FALS mutations is more significant in the E,E-SOD1^2SH^ state; for example, the melting temperature of E,E-SOD1^S--S^ Gly37Arg is shifted lower by 10 °C relative to hWT, while in the E,E-SOD1^2SH^ state it is lowered by 15 °C.^[@cit350a]^ The reduced thermal stability may be related to the increased misfolding/aggregation propensity of E,E-SOD1^2SH^ FALS mutants.

### 6.6.3. Does WT SOD1 Play a Role in Sporadic ALS? {#sec6.6.3}

Because similar histopathology and symptoms are observed in patients with either familial or sporadic ALS, it is reasonable to speculate that hWT SOD1 might play an analogous role in causing SALS. In support of this hypothesis, misfolded hWT SOD1 has been detected in SALS spinal cord tissues using several conformational antibodies raised against FALS mutants.^[@cit318a],[@ref351]^ In addition, hWT SOD1 isolated from spinal cords of SALS patients inhibited fast axonal transport (FAT) in squid axoplasm in a manner similar to FALS mutants,^[@ref352]^ and knockdown of hWT SOD1 in astrocytes isolated from SALS patients ameliorated their toxicity to cultured motor neurons.^[@ref353]^ hWT SOD1, as a vaccine, was as effective as Gly93Ala SOD1 in rescuing neurodegeneration of low-copy Gly93Ala transgenic mice.^[@ref354]^ A particularly important result in support of this hypothesis is the discovery by Marklund and co-workers that mice expressing hWT SOD1 at a level close to that of high-copy Gly93Ala mice developed ALS-like symptoms and histopathology.^[@ref355]^

In cell-free systems, hWT SOD1 has been observed to form amyloid fibrils as readily as FALS mutants,^[@cit328b]^ and the fibrils generated from hWT and mutant proteins share the same protease-protected region.^[@ref329]^ In a recent study, Ivanova et al. identified two segments, ^101^DSVISLS^107^ and ^147^GVIGIAQ^153^, from hWT SOD1 that have a high propensity for amyloid fibril formation.^[@ref356]^ Furthermore, uptake of aggregated hWT SOD1 induced the aggregation of endogenous SOD1 in neuronal cells.^[@ref351]^

Misfolded hWT SOD1 generated from oxidation has been implicated in SALS. When oxidized in vitro, hWT SOD1 became aggregative like FALS mutants^[@ref352],[@ref357]^ and was recognized by conformational antibodies raised against FALS variants,^[@ref351]^ suggesting that oxidized hWT acquires an aberrant conformational epitope like the mutants. Higher levels of oxidized SOD1 were recently found in the lymphoblast cells derived from a subset of SALS patients as compared to those derived from FALS patients and healthy controls, and this oxidized SOD1 was able to form intracellular inclusions.^[@ref358]^ Furthermore, oxidized SOD1 exerts mutant-like toxic effects to cells through aberrant interactions with Hsc70,^[@cit357a]^ Bcl-2,^[@cit357a],[@ref358]^ and chromagranin B^[@cit357a],[@ref359]^ (reviewed in ref ([@ref351])). However, the existing data cannot exclude the possibility that oxidation of SOD1 is a consequence rather than a cause of neurodegeneration in ALS.^[@ref351],[@ref360]^

Although each of the studies described above supports the existence of a common SOD1-linked pathway in FALS and SALS, the hypothesis that hWT SOD1 plays a role in SALS remains controversial, and further study will be required to answer this question.

7. Superoxide Reductases {#sec7}
========================

7.1. History and Properties {#sec7.1}
---------------------------

Superoxide reductases are the most recently discovered of the enzymes known to detoxify O~2~^•--^. As the name indicates, and in contrast with the SODs, which catalyze both the reduction and the oxidation of the superoxide anion, the reductases essentially catalyze only the reductive process (eq [32](#eq32){ref-type="disp-formula"}):with the concomitant formation of one H~2~O~2~ molecule per O~2~^•--^ consumed. This reaction is suicidal, in the sense that the enzyme has to be reactivated by rereduction, forcing the existence of at least one physiological partner, its reductant. Again, this is in contrast with the SODs, which act to stand alone, oscillating between two redox states by reacting sequentially with two molecules of substrate (Figure [36](#fig36){ref-type="fig"}).

![Comparison of enzymatic activities of SODs and SORs.](cr-2013-005296_0048){#fig36}

The first examples of these enzymes were isolated from sulfate reducing bacteria of the *Desulfovibrio* (*D.*) genus: desulfoferrodoxin (Dfx) from *D. vulgaris* Hildenborough and from *D. desulfuricans* ATCC 27774, in 1990,^[@ref361]^ and later neelaredoxin (Nlr) from *D. gigas*, in 1994.^[@ref362]^ These trivial names were given in the absence of a known function at the time of their isolation. EPR, visible, resonance Raman, and Mössbauer spectroscopies revealed that as-isolated desulfoferrodoxin contained a desulforedoxin-like center (named center I) in the oxidized form and an Fe^2+^ ion bound mainly to nonsulfur ligands (named center II). Therefore, its name originated from the contraction of "desulforedoxin" and "ferrous" plus the suffix "redoxin" (from redox active proteins).^[@ref363]^ Desulforedoxin is a small protein of 3 kDa, having an Fe ion in a tetrahedrally distorted geometry, similar to those of rubredoxins.^[@ref364]^ The trivial name for neelaredoxin derived from the Sanskrit word for its color; that is, it is a blue protein in the oxidized form, having a single Fe ion (it is the only known blue iron protein).^[@ref362]^ Because of the spectroscopic and amino acid sequence data available by the time of their discovery, it was recognized early that the two proteins were related to each other and to the gene product of the *rbo* gene previously sequenced from *D. vulgaris* Hildenborough; *rbo* stands for rubredoxin:oxidoreductase, another label given at that time due to the fact that *rbo* is part of a dicistronic unit encoding also for a rubredoxin, the simple Fe protein having an FeCys~4~ center.^[@ref365]^ It is now known that rubredoxins are indeed the electrons donors for some SORs, but the genomic organizations may be quite diverse. The multitude of trivial names for these enzymes led to a large number of misannotations in the public databases.

In 1996, the group of D. Touati^[@ref366]^ attempted to find genes encoding SODs in the anaerobic sulfate-reducing bacterium *Desulfoarculus baarsii* by complementation studies of an *E. coli* strain in which the genes for the Fe- and Mn-SODs were deleted. At that time, it was still controversial if the absence of SODs would be a distinctive marker for anaerobic organisms. These experiments led to the finding of a gene whose product (a desulfoferrodoxin) rescued the phenotype of this *E. coli* deletion strain. This was a landmark discovery in the field of the SOR proteins, associating them for the first time to ROS detoxification. Later, other SORs were also shown to complement the same *E. coli* deletion strain.^[@ref367]^ Moreover, the expression of only the N-terminal domain, containing the desulforedoxin center, did not complement the *E. colisod*^***-***^ mutant, providing the first hint that center II would be responsible for the catalytic activity. However, the same authors reported that Dfx from *D. baarsii* had no SOD activity, while it was subsequently reported that the proteins from *D. gigas*, *D. desulfuricans*, and also neelaredoxin from *Archaeoglobus fulgidus* indeed had SOD activity,^[@ref368]^ but orders of magnitude lower than those of SODs. Liochev and Fridovich proposed for the first time that these proteins could act as SORs, leading to elimination of O~2~^•--^ and formation of H~2~O~2~.^[@ref369]^ This was finally shown to be the case by the experiments with the neelaredoxin from *Pyrococcus (P.) furiosus* and desulfoferrodoxin from *D. baarsii*([@ref370]) and, subsequently, using pulse radiolysis measurements, for the *A. fulgidus* and *D. vulgaris* enzymes.^[@cit368c],[@ref371]^ Thereafter, pulse radiolysis has been of paramount importance in disentangling the molecular mechanism of SORs.^[@cit367b],[@ref372]^

In part due to the difficult genetic manipulation of many Archaea and many anaerobes, few in vivo studies are available. A *D. vulgaris* mutant strain with increased resistance to O~2~ was found to have *dfx* transcriptional levels higher than those of the wild-type strain;^[@ref373]^ in agreement with those results, a *D. vulgarisdfx* deletion mutant had a higher sensitivity to oxygen.^[@ref373]^ Up-regulation of the transcriptional level of SORs encoding genes was also observed in *Clostridium acetobutylicum*,^[@ref374]^ in *Thermotoga maritima*,^[@ref375]^ and in *Treponema denticola*([@ref376]) upon O~2~ stress. In contrast, these levels apparently do not change in *D. vulgaris* and *P. furiosus*, under oxidative stress, which may indicate a constitutive expression of the SOR genes in several organisms.^[@ref377]^

The SORs are examples of what has been called a "novel paradigm" for ROS detoxification: the reductive pathways mentioned in section [2.2](#sec2.2){ref-type="other"}.^[@ref378]^ In fact, the proteins of the rubrerythrin family are proposed to detoxify H~2~O~2~ by directly reducing it to water (substituting for catalases),^[@cit367c],[@cit378b],[@ref379]^ while the flavodiiron enzymes detoxify O~2~ by directly reducing it to water.^[@ref36]^ Both of these families of enzymes have diiron centers of the histidine/carboxylate types, but in totally different protein scaffolds. Another recurrent theme in these O~2~^•--^ and ROS-detoxifying proteins is the presence of additional electron-transfer domains, apart from the catalytic modules, which in some cases are thought to act as the electron entry point of the enzymes, rubredoxin-, desulforedoxin-, flavodoxin-, and flavin reductase-like domains, among others.

7.2. Occurrence, Amino Acid Sequences, and Classification {#sec7.2}
---------------------------------------------------------

SORs were initially isolated from anaerobic Bacteria and Archaea, but it is now clear that these enzymes are present in all three domains of life, that is, also in Eukarya, and in anaerobes as well as in aerobes. While some organisms lack any of the SODs and thus appear to rely solely on SORs to defend themselves against superoxide, others contain in their genomes genes coding for enzymes of the two families, with one or more types of SORs and SODs. This apparent redundancy adds to an increased robustness of the organisms when dealing with O~2~^•--^, paralleling what results from the multiplicity of SODs in a single organism, and has been observed in many other instances of different biological processes (e.g., with regards to O~2~, the simultaneous presence of multiple respiratory oxygen reductases, of the heme-copper or cytochrome *bd* types in many Bacteria and Archaea).

It is difficult at present to have a comprehensive picture of the evolution of SORs. Studies performed recently have shown that the amino acid sequences of SORs cluster mainly according to the type of SOR, and not according to organism phylogeny, suggesting that multiple events of lateral gene transfer must have occurred throughout evolution.^[@cit58b],[@ref380]^ It is also impossible to predict which SOR protein could have been the common ancestor and whether they existed prior to the Great Oxidation Event (see section [2](#sec2){ref-type="other"}). SORs are examples of evolutionary diversity in nature, rather than being a specific type of enzyme designed for protection of particular anaerobes.

### 7.2.1. SOR Classifications {#sec7.2.1}

SORs are small enzymes, with about 110--180 amino acids in their sequences. SORs have been classified in several different ways. The major distinctive feature of these enzymes was, until quite recently, the presence of only one (in neelaredoxins) or of two (in desulfoferrodoxins) Fe atoms per polypeptide chain. Therefore, the simplest classification, and the most relevant in terms of mechanism, is to group them as 1Fe-SORs (the neelaredoxins) and 2Fe-SORs (the desulfoferrodoxins).^[@cit378b],[@ref380]^ This classification is adopted in this Review. The amino acid sequence of the 1Fe-SORs is homologous to the second domain of the 2Fe-SORs and constitutes the catalytic domain; the N-terminal domain of the 2Fe-SORs (see section [7.2.2](#sec7.2.2){ref-type="other"}) is homologous to desulforedoxins. The recent discovery of a SOR from some methanogens, named methanoferrodoxin, which has a domain harboring a \[4Fe--4S\]^2+/1+^ cluster, may lead to an extension of this classification in the near future.^[@ref381]^ (It should be noted that this name is misleading because the suffix ferrodoxin was first used for the 2Fe-SORs (desulfoferrodoxins).)

A second classification took into consideration the primary and tertiary structures of SORs;^[@ref382]^ some enzymes contain only one Fe ion, but have a longer N-terminus with amino acid sequence and structural similarities with those of the respective domain of desulfoferrodoxins, but lacking the cysteine ligands to the desulforedoxin-like center. According to the authors, SORs would fall into three classes: Classes I (Dfxs), II (neelaredoxins), and III (neelaredoxins structurally homologous to desulfoferrodoxins, with only one Fe center). In dendograms constructed from available amino acid sequences, Class III enzymes cluster within the Class I enzymes; it is plausible that Class III SORs evolved from Class I proteins by loss of the cysteine residues binding the desulforedoxin-like center, an event that may have occurred more than once because the Dfxs are not monophyletic. Again, this classification misses the new family of methanoferrodoxins.

A much more detailed classification was proposed by Lucchetti-Miganeh and co-workers,^[@cit58b]^ based on the variability of N-terminal domains, and a carefully annotated SOR database was created and called SORGOdb (<http://sorgo.genouest.org/>) (Figure [37](#fig37){ref-type="fig"}). The authors of this study classified SORs into seven classes. Class I or Dx-SOR includes the 2Fe-SORs, where the N-terminal is a desulforedoxin-like (Dx) domain. Class II includes the 1Fe-SORs that have no extra N-terminal domain. Class III SORs are analogous to Dx-SORs but lacking some or all of the Fe cysteine ligands (FeCys~4~) for the desulforedoxin-like Fe center and therefore lacking the FeCy~4~ site (previously designated by others as Class III, where the *T. pallidum* SOR is the enzyme representing this class). Class IV includes SORs with an extra C-terminal domain containing an iron--sulfur center, as in the methanoferrodoxin from *Methanosarcina mazei*. The fifth class, termed HTH-Dx-SOR, includes Dx-SORs (2Fe-SOR) with an extended N-terminal helix--turn--helix (HTH) domain present in transcription regulators. The sixth class, termed TAT-SOR, includes SORs from only a few organisms, such as *Desulfuromonas acetoxidans* DSM 684 and *Geobacter sulfurreducens*, and the sequences are preceded by a putative twin-arginine signal peptide that suggests their periplasmic localization. This is in contrast to what is generally believed for the remaining SORs, on the basis of the lack of recognizable translocation signals. The seventh class, termed "atypical" SORs, includes SORs with a variety of N-terminal domains that range from a metallo-β-lactamase-like (as in the flavodiiron oxygen/NO reductases) to a NAD(P)H-FMN reductase-like domain. None of these has so far been isolated, and their existence awaits experimental validation.

![Different domain structures found for proteins containing a SOR catalytic domain (as in SORGOdb). These proteins are variations of the typical 1Fe- and 2Fe-SORs, and should not be viewed as individual catalytic classes. The domains and residues are colored as: blue, catalytic domain; pink, desulforedoxin-like domain; green, Dx like-domain, lacking the Fe center; brown, FeS domain in methanoferrodoxins; light gray, variable domain (HTH, helix--turn--helix domain; TAT, putative twin arginine signal peptide); red, metal ligands; black, highly conserved residues.](cr-2013-005296_0049){#fig37}

The large majority of known SORs are those from Classes I and II, that is, the canonical 2Fe- or 1Fe-SORs (about 30% each), while the remaining classes together represent about a third of the so far identified SORs. With the exception of the Class IV (methanoferrodoxins) and the "atypical SORs", they all appear to contain one or two iron centers (the catalytic center plus the Dx/Rb-like center). This exhaustive analysis opens new perspectives on these ROS-detoxifying enzymes, the possibility of having a single multidomain enzyme that carries out multiple functions, for example, reduction of superoxide by the SOR domain and reduction of O~2~ by the metallo-β lactamase-like domain.

All SORs so far isolated contain only Fe ions; however, to have an Fe-loaded recombinant enzyme, extra Fe must be supplied to the common *E. coli* growth media, otherwise the proteins become loaded with Zn^2+^ and are inactive. To date, however, we have no knowledge of the metalation process for the SORs or of their relative affinities for Fe and Zn. This lack of knowledge about in vivo metalation pathways is not unique to these enzymes and is, in fact, quite common for other mononuclear Fe enzymes, as well as for diiron-containing proteins.

For the purpose of this Review, and in the absence of enough data for the less usual SORs, we focus only on the 1Fe- and 2Fe-SORs, a quite convenient classification to highlight the properties known for these enzymes.

### 7.2.2. Amino Acid Sequences: Metal Ligands {#sec7.2.2}

Analysis of the amino acid sequences retrieved from the public databases, from both complete and incomplete genomes, shows the striking characteristic that very few amino acid residues are strictly conserved (Figure [37](#fig37){ref-type="fig"}, Table [6](#tbl6){ref-type="other"}).^[@ref380]^ These are (i) the ligands to the metal centers, four histidines, and a cysteine for the catalytic site, all in the catalytic domain; (ii) the four cysteines in the 2Fe-SORs, at the N-terminal segment; and (iii) a proline at the characteristic motif −(E)(K)Hx**P**--, where the histidine is a ligand to the Fe, and the glutamate, when present, a ligand to the Fe^3+^ ion. Other residues that were previously considered strictly conserved and catalytically important have turned out not to be conserved, such as the above-mentioned glutamate residue (which throughout this Review will be named simply glutamate) bound to center II in several oxidized SORs, or the lysine residue, also at the −(E)(K)HxP-- motif, and located close to the catalytic site. Interestingly, the glutamate and the lysine residues are conserved in all 2Fe-SORs so far known, with variability found in the 1Fe-SORs. This very low overall amino acid conservation, common in the prokaryote world, establishes the minimal requisites for the catalytic mechanism.

###### SORs Catalytic Center Ligands and "Key" Amino Acid Residues

                       "key residues"   catalytic Fe ligands -- center II                                   
  -------------------- ---------------- ----------------------------------- ----- ----- ----- ------ ------ -------------------------------------------
  1Fe-SOR                                                                                                   
  *P. furiosus*        E14              K15                                 H16   H41   H47   C111   H114    
  *P. horikoshi*       E23              K24                                 H25   H50   H56   C111   H114    
  *D. gigas*           E15              K16                                 H17   H45   H51   C115   H118    
  *A. fulgidus*        E12              K13                                 H14   H40   H46   C110   H113   Glu12Val, Glu12Gln^[@cit372b]^
  *T. maritima*        E15              K16                                 H17   H45   H51   C115   H118    
  *T. pallidum*        E48              K40                                 H50   H70   H76   C119   H122   Glu48Ala^[@cit372i]^
  *N. equitans*                         K9                                  H10   H35   H41   C97    H100    
  *I. hospitalis*      E23                                                  H25   H50   H56   C109   H112   Glu23Ala, Thr24Lys^[@ref383]^
  2Fe-SOR                                                                                                   
  *D. vulgaris*        E47              K48                                 H49   H69   H74   C115   H118   Glu47Ala, Glu48Ala^[@cit372c]^
  *D. desulfuricans*   E47              K48                                 H49   H69   H74   C115   H118    
  *D. baarsii*         E47              K48                                 H49   H69   H74   C115   H118   Glu47Ala, Lys48Ile^[@cit372d],[@cit372g]^
  *A. fulgidus*        E47              K48                                 H49   H69   H74   C115   H118    

The comparative analysis of the amino acid sequences, together with structural data, has been the basis for the construction of site-directed mutants (of the glutamate and lysine residues), and for the study of the enzymes naturally lacking these amino acids (see Table [6](#tbl6){ref-type="other"}).

Thus far, only a few SORs were studied with some details: six are from Bacteria, the 2Fe-SORs from anaerobic sulfate reducing bacteria (*D. vulgaris*,^[@cit367b],[@cit372c],[@ref384]^*D. baarsii*,^[@cit370b],[@cit372d],[@cit372g],[@ref385]^ and *D. desulfuricans* ATCC 27774^[@ref363],[@cit368b]^), the 1Fe-SORs from the microaerophilic bacteria *Treponema pallidum*([@cit372a],[@cit372i],[@cit385b],[@ref386]) and *denticola*,^[@ref387]^ and the sulfate-reducing bacterium *D. gigas*.^[@ref362],[@cit367a]^ Within Archaea, they are from the hyperthermophiles (1Fe and 2Fe-SORs from *A. fulgidus*,^[@cit368c],[@cit372b],[@cit372e],[@cit372f],[@ref388]^ 1Fe-SORs from *Pyrococcus furiosus*,^[@cit370a],[@ref389]^*Ignicoccus hospitalis*,^[@ref383]^ and *Nanoarchaeum equitans*([@cit372h])). Thus far, only one SOR from a eukaryote, the anaerobic protozoan *Giardia intestinalis*, was studied (also a 1Fe-SOR).^[@ref57]^ Although several other organisms have also been studied, the interspecies differences are found to be minimal. Therefore, the organism is specifically mentioned here only when necessary.

7.3. Structure {#sec7.3}
--------------

### 7.3.1. Overall Structure {#sec7.3.1}

Several SOR structures have been determined by X-ray crystallography (Table [7](#tbl7){ref-type="other"}). Among these, the structures of the *D. desulfuricans* 2Fe-SOR and the *Pyrococcus (P.) furiosus* 1Fe-SOR were the first to be published (Figure [38](#fig38){ref-type="fig"}).^[@cit71a],[@cit71b]^

![Crystallographic structures of 1Fe- and 2Fe-SORs. (A) Structure of *P. furiosus* 1Fe-SOR tetramer (PDB code: 1DO6), showing the SOR active sites in the oxidized (A.1) and reduced (A.2) forms. (B) Structure of the *D. desulfuricans* 2Fe-SOR dimer with details of center I (DX-like center) and SOR active site (presumably in the reduced form) shown in B.1 and B.2, respectively. The figures were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0050){#fig38}

###### Available SORs X-ray Crystallographic Structures

  type                                    organism                                   protein      PDB                             resolution (Å)                            oligomerization                           center oxidation State                    ref
  --------------------------------------- ------------------------------------------ ------------ ------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- -------------
  1Fe-SOR                                 *Pyrococcus furiosus* (Archaea)            WT           1DO6                            2.0                                       tetrameric                                1/2 oxidized, 1/2 reduced                 ([@cit71b])
  1DQI                                    1.7                                        oxidized                                                                                                                                                                   
                                                                                     2.0          reduced                                                                                                                                                       
  *Pyrococcus horikoshii* Ot3 (Archaea)   WT                                         2HVB         2.5                             tetrameric                                oxidized                                  structural genomics                       
  *Thermotoga maritima* (Bacteria)        WT                                         2AMU         2.0                             tetrameric                                reduced[a](#t7fn1){ref-type="table-fn"}   structural genomics                       
  3QZB                                    1.1                                        tetrameric                                                                                                                                                                 
  *Treponema pallidum* (Bacteria)         WT                                         1Y07         1.55                            dimeric                                   reduced[b](#t7fn2){ref-type="table-fn"}   ([@cit71c])                               
  2Fe-SOR                                 *Desulfovibrio desulfuricans* (Bacteria)   WT           1DFX                            1.9                                       dimeric                                   reduced[c](#t7fn3){ref-type="table-fn"}   ([@cit71a])
  *Desulfoarculus baarsii* (Bacteria)     Glu47Ala                                   1VZI         1.15                            dimeric                                   reduced                                   ([@ref390])                               
  Glu46Ala                                1VZG                                       1.69         oxidized, ferrocyanide-bound                                                                                                                                  
  Glu46Ala                                1VZH                                       1.69         oxidized, ferrocyanide-bound                                                                                                                                  
  WT                                      2JI1                                       1.7          dimeric                         reduced[c](#t7fn3){ref-type="table-fn"}   ([@cit370c])                                                                        
  Glu114Ala                               2JI2                                       1.7          reduced, NO~3~-bound                                                                                                                                          
  Glu114Ala                               2JI3                                       1.95         oxidized, (hydro)peroxo-bound                                                                                                                                 

The center has the glutamate-residue unbound and thus is considered to be in the reduced form.

Some of the residues in the loop containing the motif -EKHVP were not modeled.

Assuming reduced state from \[Fe(His)~4~Cys\] conformation.

Whereas the 1Fe-SORs are tetramers, forming a cube with the active centers diagonally oriented at opposite positions (Figure [38](#fig38){ref-type="fig"}, panel A), 2Fe-SORs are dimers (Figure [38](#fig38){ref-type="fig"}, panel B); these quaternary structures are observed both in the crystals and in solution. The SOR catalytic center is localized in a domain that adopts a 3 + 4 stranded β-barrel in an immunoglobulin-like fold (SOR domain, Figure [39](#fig39){ref-type="fig"}, panel A). It contains an Fe ion coordinated in a square-pyramidal geometry by four histidine imidazole nitrogens (three N~ε~ and one N~δ~) distributed in an equatorial plane and by a sulfur from a fifth axial cysteine-ligand (\[Fe(His)~4~Cys\]). The metal ligands are located in the loops connecting the β strands. The 2Fe-SORs have a second domain at the N-terminus, connected to the immunoglobulin-like catalytic domain by a short stretch of ca. 15 residues, having a short 3~10~ helix. This domain contains a slightly distorted tetrahedral \[Fe(Cys)~4~\] site that has a high homology to *D. gigas* desulforedoxin (Dx).^[@cit364b]^ This site, which is often referred to as "center I", was initially proposed to mediate intradomain electron transfer between a 2Fe-SOR redox partner and its SOR active center, but no evidence supporting this claim has been produced so far. In fact, the Fe--Fe distance is about 25 Å, too large to allow catalytically significant intramolecular electron transfer. Instead, Emerson et al. have shown that the disruption of center I has no effect on the in vitro or in vivo activity of the *D. vulgaris* 2Fe-SOR.^[@cit367b]^ Additionally, the *T. pallidum* 1Fe-SOR, which can be viewed as a "naturally mutated" 2Fe-SOR that lost center I, retains its efficient in vitro and in vivo SOR activity.^[@cit386b]^ The ∼15 residues loop connecting the two domains in the 2Fe-SORs or between the short 3~10~ helix and the catalytic domain contains the mostly conserved (E)(K)HxP-motif. In both SOR types, the active centers are very solvent exposed, and this is determinant for the SOR catalytic features. As expected, the amino acid residues near the catalytic center are rather conserved, while those far from it are quite variable (Figure [39](#fig39){ref-type="fig"}B).

![Structural conservation in SORs. (A) Superimposition of 1Fe-SOR (blue) and 2Fe-SOR (red) monomers (PDB codes: 1DO6 and 1DFX); (B) structural conservation of amino acid residues in the monomer of 1Fe-SOR, mapped over *P. furiosus* structure and made using ConSurf;^[@ref398],[@ref421]^ and (C) ribbon diagram of the same monomer in B (PDB code: 1DO6). Panels A and C were generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0051){#fig39}

The unprecedented structural features of the SOR active center \[Fe(His)~4~Cys\] can only be compared to the active site of cytochrome P450 monooxygenase enzymes (P450). In P450, the Fe is also coordinated by four nitrogens from a porphyrin ring and by an axial cysteine ligand. Despite these similarities, the chemistries of the SOR and P450 centers are quite different. While the SOR reduces superoxide to hydrogen peroxide, P450 binds O~2~ and catalyzes its two-electron reduction and double protonation to cleave the O--O bond, yielding 1 equiv of water and an enzyme intermediate known as Compound I (see section [7.5](#sec7.5){ref-type="other"}).

### 7.3.2. Redox-Linked Structural Changes in the SOR Active Center {#sec7.3.2}

When in its Fe^3+^ state, the SOR \[Fe(His)~4~Cys\] center can adopt an octahedral geometry, with an extra glutamate ligand binding to the Fe in the position opposite to the axial cysteine \[Fe(His)~4~CysGlu\] (Figure [38](#fig38){ref-type="fig"}A.1). This conformation was only unambiguously shown in the crystallographic structures of the 1Fe-SORs from *P. furiosus* and *P. horikoshii* (PDB codes: 1DO6, 1DQI,^[@cit71b]^ and 2HVB). The structure of the reduced center was determined after incubation of *P. furiosus* SOR crystals with sodium dithionite, showing the typical \[Fe(His)~4~Cys\] configuration (PDB code: 1DDK([@cit71b])), albeit with low Fe occupancy at two of its subunits (∼20%). Thus, the change in the Fe redox-state in 1Fe-SORs is accompanied by a change in the Fe coordination, and this occurs together with a significant movement of two loop regions (Gly9-Lys15 and Gly36-Pro40, *P. furiosus* SOR numbering). These structural changes are expected to occur during catalysis, but their importance for the actual catalytic mechanism is still not fully understood (see section [7.5](#sec7.5){ref-type="other"}). The change in conformation upon oxidation/reduction is expected to also occur in 2Fe-SORs, and indeed Fourier transform infrared (FTIR) studies suggest that the glutamate binds the Fe^3+^ center in the SORs from *D. baarsii* and *T. pallidum* and that this process is coupled to the change in the Fe redox state.^[@cit385b]^ Unfortunately, no crystallographic data have so far supported the binding of the glutamate ligand to the center in 2Fe-SORs, probably due to the difficulty of maintaining these enzymes in the Fe^3+^ state, in part due to X-ray-induced photoreduction of the protein during structural data collection.^[@cit71b],[@cit389a],[@ref390]^

### 7.3.3. Crystallographic Structures of Reaction Intermediates {#sec7.3.3}

Upon superoxide reduction, an Fe^3+^--(hydro)peroxo species is formed (see catalytic mechanism below). Such an intermediate has been trapped in *D. baarsii* 2Fe-SOR crystals after incubation with H~2~O~2~, and the structure shows the (hydro)peroxo group bound in an end-on geometry to the Fe ion (Figure [40](#fig40){ref-type="fig"}).^[@cit370c]^ In this elegant experiment, the presence of the (hydro)peroxo ligand was determined by resonance Raman measurements on the crystal. The position of the (hydro)peroxo in the center appears to be stabilized by the lysine residue (Lys48 in *D. baarsii*) that is part of the conserved (E)(K)HxP-motif and by hydrogen bonding to the (hydro)peroxo either directly or through water molecules. This lysine residue appears also to contribute to a positively charged antenna to attract anions into the Fe^2+^ center.^[@ref390]^

![Structure of the (hydro)peroxo intermediate in 2Fe-SOR from *D. baarsii* (subunit C in PDB 2JI3). This figure was generated using the PyMOL Molecular Graphics System.^[@ref396]^](cr-2013-005296_0052){#fig40}

7.4. Metal Centers {#sec7.4}
------------------

Superoxide reductases have been explored using a wide range of spectroscopic tools, UV--visible, resonance Raman, EPR, Mössbauer, variable temperature MCD, EXAFS, and FTIR, and these studies have shed light on the electronic properties of the sites and on their reactivity with the substrate, the O~2~^•--^ anion, and other small ligands.

### 7.4.1. Spectroscopic Properties {#sec7.4.1}

Both Fe sites (centers I and II, or the Dx-like center and the catalytic one) are in a high-spin state in the oxidized Fe^3+^ (*S* = 5/2) and reduced Fe^2+^ (*S* = 2) forms, as evidenced by EPR and Mössbauer spectroscopies.^[@ref361]−[@ref363],[@cit368b],[@cit368c],[@cit372e],[@ref381],[@cit384b],[@ref387],[@ref389],[@ref390]^ Both centers exhibit EPR resonances at low magnetic field in the Fe^3+^ state, with variable rhombicities (*E*/*D* ∼0.1 to ∼0.3), resulting from several of the spin Kramer doublets according to the respective transition probabilities and thermal populations; the energy separations between the doublets are small, with a zero field splitting \|*D*\| of less than 0.5 cm^--1^. These resonances, broad due to significant *E*/*D* strain and local heterogeneities, change according to pH and to the state of the enzymes.^[@ref362],[@cit389a],[@ref391]^ At high pH, all center II forms convert to a quasi-isotropic system, with *g*-values around 4.3 due to the \|*S* = ±3/2⟩ middle Kramer doublet of the *S* = 5/2 spin manifold, and a minor intensity resonance at *g* ≈ 9.2 due to the \|*S* = ±1/2⟩ doublet. The cyanide anion is an inhibitor of SODs and a classical ligand for metal centers. SORs in the Fe^3+^ state bind cyanide at center II, yielding a low-spin *S* = 1/2 species, with an axial EPR spectrum at *g*-values of 2.27 and 1.96.^[@ref362],[@cit368b],[@cit384d],[@cit385a]^ Other anionic small ligands, like the fluoride or azide anions, bind also to the catalytic center, but do not induce a spin state change due to their weak field character. MCD spectroscopy showed that cyanide remains bound to the metal center in the Fe^2+^ state.

Electronic absorption spectroscopy allows a much clearer distinction between the two sites in oxidized SORs. Center I has the features of an oxidized desulforedoxin FeCys~4~ site, with maxima at 375 and 495 nm and a broad shoulder at 560 nm, due to ligand (cysteine sulfur) to metal charge transfer transitions. Center II has in general broad absorption bands at ∼560 or ∼660 nm, depending on the absence or the presence of the glutamate ligand, respectively, and a shoulder at 330 nm. This 660 nm absorbance in the visible region accounts for the unusual colors of 1Fe-SORs (blue) and the oxidized 2Fe-SORs (gray, a mixture of blue with pink from the Dx site). In glutamate-lacking enzymes (wild-type or site-directed mutants), the 660 nm is blue-shifted to higher energies, ca. 560 nm.

MCD showed that the 560/660 nm bands result from a sulfur-to-iron charge transfer transition,^[@cit389a]^ involving the Fe-cysteine ligand. In the fully reduced state, both types of SORs are colorless, while the half-reduced 2Fe-SORs (center I oxidized, center II reduced) are pink. These features have been essential to investigate the catalytic mechanism of SORs, by combining absorption spectroscopy with fast kinetics techniques (pulse radiolysis and stopped-flow).

### 7.4.2. pH Equilibria {#sec7.4.2}

Since the isolation of the first 1Fe-SOR from *D. gigas*,^[@ref362]^ there has been increasing evidence for pH-dependent equilibria at or near the catalytic site, some of which are of mechanistic relevance. In fact, the reduction reaction involves the consumption of two protons, because at physiological pH the superoxide anion is in the basic, deprotonated form (p*K*~a~ ≈ 4.8), while the product is fully protonated.

The SORs in the oxidized state are prone to pH-induced changes, reflected in alterations of the electronic properties of the catalytic center. In enzymes with a glutamate-bound Fe, there is a drastic change in the electronic spectra at pH \> 9, with the absorption band maxima shifting to ∼590 nm (Figure [41](#fig41){ref-type="fig"}). This transition has an apparent p*K*~a~ of ∼9.5. The chemical identity of the basic form was established by resonance Raman and MCD spectroscopies. A vibrational band was detected at 466--471 cm^--1^, characteristic of a high-spin Fe^3+^--OH stretching mode vibration, in the wild type and E47A and K48I mutants of the *D. baarsii* 2Fe-SOR. This band disappeared at lower pH values, and had a clear isotopic shift when the samples were prepared in H~2~^18^O or D~2~O, suggesting that in the basic form, a hydroxide substitutes for the glutamate as a ligand to the Fe^3+^.^[@cit385c]^ The same observation was subsequently reported for the 1Fe-SORs from *A. fulgidus* and *N. equitans*([@ref388]) and corroborated the earlier evidence from MCD that at high pH the cysteine and histidine ligands remain bound.

![pH equilibria in SORs. Left panels: visible spectra of wild-type (A) and E12V (B) *A. fulgidus* SORs.](cr-2013-005296_0053){#fig41}

This pH-induced transition corresponds to a ligand exchange where the glutamate side chain is substituted by a hydroxide anion:where subscript P means that the glutamate is a residue of the protein. It is assumed that the unbound glutamate, which is quite solvent exposed, will remain in the deprotonated, anionic form at the pH values used for the experiments (pH \> 5). The value of the apparent p*K*~a~ gives an indication of the relative affinities of the Fe ion for each ligand (hydroxide or glutamate); that is, the p*K*~a~ is not a proton ionization constant for the glutamate-bound enzymes. This ligand exchange has been monitored in a similar way by EPR spectroscopy^[@ref362],[@cit372d],[@cit389a]^ and by FTIR.^[@cit385b]^ In the EPR spectrum, a species with *E*/*D* of 0.25--0.3 appears at high pH.^[@ref362],[@cit372d],[@cit389a]^ In site-directed glutamate mutants and the *N. equitans* enzyme (an enzyme naturally lacking the glutamate), a pH-dependent equilibrium was also detected, but with an apparent p*K*~a~ ca. 3 units lower (Figure [41](#fig41){ref-type="fig"} and Table [8](#tbl8){ref-type="other"}).^[@cit372e],[@cit372h]^ Again, resonance Raman data have shown that the basic form corresponds to a hydroxide-bound Fe. However, in these cases, the pH dependence may be plausibly attributed to a true protonic equilibrium due to the protonation of the hydroxide ligand at acidic pH values, leading presumably to a water-bound state. These processes are essential to understand the reactivity of SORs with O~2~^•--^.

###### Experimental p*K*~a~ Values for SORs

                      organism        wild-type p*K*~a~   glutamate-mutation p*K*~a~   ref
  ------------------- --------------- ------------------- ---------------------------- ------------------------------------
  1Fe-SOR             *A. fulgidus*   9.6                 6.3                          ([@cit372b])
  *G. intestinalis*   8.7                                 ([@ref57])                   
  *N. equitans*       6.5                                 ([@cit372h])                 
  *I. hospitalis*     10.5            6.5                 ([@ref383])                  
  2Fe-SOR             *D. baarsii*    9                   7.6                          ([@cit372d],[@cit372g],[@cit385e])
  *A. fulgidus*       8.5                                 ([@cit372f])                 

The protonation states of the His and Cys ligands are not known. On the basis of the hydrogen-bonding patterns deduced from SOR crystal structures and of what is generally known for metal centers, the cysteine sulfur is most probably in the anionic, sulfide form (thus contributing to the lowering of the reduction potential of the Fe^3+/2+^ pair), while the histidines are most probably in the neutral form. This does not preclude that at least one of the histidines may be in the fully deprotonated state.

As mentioned above, small anions like fluoride, cyanide, azide, and chloride bind at or very close to the catalytic site, leading to slight shifts in the absorbance maxima.

### 7.4.3. Redox Thermodynamics {#sec7.4.3}

The two Fe centers of 2Fe-SORs are redox active and have quite distinct reduction potentials. At neutral pH values, center I has a potential close to 0 mV, similar to that for the isolated desulforedoxin from *D. gigas*, while center II has a reduction potential between 190 and 365 mV, depending on the enzyme.^[@ref362],[@ref363],[@cit372b],[@cit372d],[@cit372h],[@ref383],[@cit386a]^ It is this large difference in potentials that permitted detailed studies of the events at catalytic center II, without interference from center I, in 2Fe-SORs. Because of the redox-linked dissociation of the glutamate, in enzymes having this amino acid, their reduction potential corresponds to two processes, the ionization of the Fe ion and the dissociation/binding of a ligand; that is, under these conditions it does not correspond to a simple redox equilibrium (a situation reminiscent of that for Fe and CuZn SODs).

The reduction potential of center I for the *D. baarsii* 2Fe-SOR steadily decreases as pH increases, by about −70 mV per pH unit, suggesting the involvement of a single protonatable group with a p*K*~a~^ox^ lower than 5.5, the minimum pH value tested. The reduction potentials for center II of the SORs from *D. baarsii* and *I. hospitalis* are constant at pH 5--9 (at higher pH values, most SORs are unstable). However, for the glutamate mutants of both enzymes (*I. hospitalis* E23A and *D. barsii* E47A), the potential at pH 5.5 shows a huge increase to 520--550 mV, as compared to the wild-type enzymes, and decreases at higher pH values by ∼ --60 mV per pH unit, with a p*K*~a~^ox^ of about 6.5. As the glutamate-lacking enzymes have the Fe^3+^ bound to a water molecule or to a hydroxide anion, above the p*K*~a~^ox^, the large difference in potential for the acidic forms may result from the substitution of an anionic ligand, that is, the glutamate, which would preferentially stabilize the Fe^3+^ form, by a neutral water molecule. The decrease in potential as the pH increases would be due to ionization of the bound water molecule.

It is particularly relevant to analyze the redox thermodynamics involved in the reduction of O~2~^•--^ with that of the SOR catalytic center and to compare it with those of the SODs (Figure [4](#fig4){ref-type="fig"}). The potentials for the SOR catalytic center are similar to those reported for the SODs and are therefore not only perfectly adequate for superoxide reduction (*E*′~0~ (O~2~^•--^/H~2~O~2~) = 0.91 V, vs NHE, at pH 7) but also have a similar driving force. The same would be true for the oxidation of the superoxide anion (*E*′~0~ (O~2~/O~2~^•--^) = −0.18 V, at pH 7), which means that the reason that the SORs fail to carry out the oxidative part of the dismutation reaction is not thermodynamic.

7.5. Catalytic Mechanism {#sec7.5}
------------------------

The mechanism of O~2~^•--^ reduction has been scrutinized mainly using pulse radiolysis^[@cit367b],[@ref372]^ and, at a slower time scale, by stopped flow spectroscopy,^[@ref57],[@cit372e],[@cit384c]^ both coupled to visible absorption spectroscopy. The identification of some reaction intermediates has been achieved by preparing possible intermediate state analogues chemically (e.g., by incubation of the enzyme with hydrogen peroxide, which, however, has the caveat of the partial instability of the enzyme under those conditions). The pulse radiolysis approach allows the production of defined amounts of the superoxide anion in a very fast time scale and is indeed essential to delineate the oxidative part of the catalytic mechanism of these enzymes (reduction of superoxide to hydrogen peroxide and concomitant oxidation of the Fe^2+^ enzyme to the Fe^3+^, resting state).

For the pulse radiolysis experiment, the Fe^3+^ enzyme is first reduced to the Fe^2+^ state using either a cobalt-60 source or sodium ascorbate. The reduced enzyme, which is colorless as there is no electronic absorption in the visible region, is then pulsed with an electron beam in the presence of O~2~, which generates calibrated amounts of superoxide that are substoichiometric with respect to the enzyme concentration. The reaction is monitored optically, and the spectrum of each enzyme species is measured over a sufficiently long period (up to seconds). It should nevertheless be stressed that intermediates will only be detected if they have long enough lifetimes and sufficiently detectable absorbances. The absence of an observable intermediate species may just be due to an unfortunate combination of those factors; these limitations have posed significant challenges in defining the SOR reductive mechanism.

### 7.5.1. First Intermediate {#sec7.5.1}

The catalytic process occurs through an inner-sphere mechanism. The first step of the reaction is common to all SORs studied thus far (Figure [42](#fig42){ref-type="fig"}). After the superoxide pulse, the first observed intermediate, T1, has an absorption maximum at about 620 nm. This process occurs with a second-order rate constant of ∼10^9^ M^--1^ s^--1^ (first order in superoxide and enzyme), that is, at a diffusion-limited rate analogous to those for all SODs. This rate is, within experimental error, pH independent over the range of enzyme stability.

![Reconstituted spectra of reaction intermediates (T~1~ and T~2~) upon pulsing *A. fulgidus* 1Fe-SOR with O~2~^•--^.](cr-2013-005296_0054){#fig42}

The nature of the T1 intermediate is at present controversial. One hypothesis is that it corresponds to an Fe^3+^--(hydro)peroxo species,^[@ref371],[@cit372e],[@cit378b]^ while another posits that it is an undetected, short-lived Fe^2+^--O~2~^•--^ form that decays into an Fe--hydroperoxo en route to the next intermediate.^[@cit385e]^ Both mechanisms have received support from theoretical calculations.^[@cit378a],[@cit385e],[@ref392]^ In either case, reduction of the O~2~^•--^ is accompanied (in a sequential or simultaneous, proton-coupled process) by a concomitant protonation at the distal oxygen. The source of this proton is currently unknown, but it may well come from the water molecules surrounding the solvent-exposed metal site. Both experimental data with metal complexes and theoretical calculations have suggested that superoxide reduction is thermodynamically favored if proton assisted (see sections on SOD catalytic mechanisms).^[@cit392a],[@cit392c],[@ref393]^

Whatever the nature of the observable first intermediate (in the following we will label as T1 the Fe^3+^--hydroperoxo form, whether it has or has not been experimentally observed), the next detectable species may be either the final, resting form (Fe^3+^ bound to the glutamate or a water/hydroxide anion, depending on the pH and on the presence or absence of the glutamate ligand), or a second intermediate.

### 7.5.2. Second Intermediate {#sec7.5.2}

For some enzymes, the Fe--hydroperoxide species decays in a pseudo first-order process to another intermediate T2 (Figure [42](#fig42){ref-type="fig"}). This intermediate has an electronic spectrum strikingly identical to that of the Fe^3+^ hydroxide bound form (absorbance maximum at ca. 580 nm), revealed by the pH studies of the Fe^3+^ enzymes (see section [7.4.2](#sec7.4.2){ref-type="other"}). This means that at this stage the product, H~2~O~2~, was already released to the bulk. The rate of decay (*k*~2~) of T1 to T2 is pH-dependent involving a rate-limiting protonation step, decreasing as the pH is increased from ∼5 to 8.5; at pH \> 8.5, the process is pH-independent or even increases slightly with increasing pH. The dependence at low pH was described as resulting from the sum of a second-order process (proton-dependent) and a first-order one (pH-independent):with a value for *k*~2~″ of ∼10^9^ M^--1^ s^--1^, that is, a diffusion-limited protonation step. In accordance with this interpretation, *k*~2~ shows a clear deuterium isotopic effect.^[@cit372c]^

The formation of the (hydro)peroxo form and its dissociation as H~2~O~2~ means that heterolytic cleavage of the peroxo bound moiety does not occur and that high-valent Fe-oxygen species are not formed. This contrasts with what happens in cytochrome P450s, where an oxo-ferryl cation radical is formed. The proposed explanation for this difference is that in P450s the second proton attacks the distal oxygen, favoring the scission of the oxygen O--O bond, while in SORs the proton binds to the proximal oxygen, which is directly bound to the Fe atom, leading to the release of the symmetric H~2~O~2~ molecule. Recent DFT calculations show that the protonation of proximal versus distal oxygen can in part be explained by the different charge distributions in the Fe^III^--OOH intermediates and different positioning of the active centers in the two enzymes (P450 active center is embedded in the protein).^[@cit392c]^

Upon dissociation of the product, at least for some of the enzymes thus far studied, a hydroxide ion is bound to the Fe center and is subsequently protonated (depending on pH) or substituted by the glutamate ligand (final step). Thus, there may be a concerted addition of an acidified water molecule (by forming a hydrogen bond with a nearby amino acid, see below), which transfers one of its protons to the proximal oxygen and binds to the Fe ion, maintaining the total charge of the site. Upon detailed analysis of the reaction profile of the *A. fulgidus* enzyme, a question was raised whether the hydroxide--bound species would be formed upon a simple chemical oxidation of the enzyme, in the absence of the substrate.^[@cit372e]^ The experiment was performed using stopped flow kinetics, starting with the reduced enzyme and oxidizing it chemically. Although the rate constant of the first reaction could not be determined, due to its high value as compared to the instrument dead time, it was nevertheless possible to show the formation of the Fe--hydroxide species upon oxidation, which subsequently decayed to the final resting species.

### 7.5.3. Final Resting Fe^3+^ State {#sec7.5.3}

In some enzymes, the hydroxide-bound intermediate is not detected, but as discussed above, this may be a consequence of the relative rate constants. In those instances, the final species is identical to the oxidized enzyme (with the glutamate bound or, in its absence, with a water or hydroxide bound, depending on pH). For the enzymes with a detectable hydroxide intermediate, this intermediate dissociates in a first-order process into the resting species (again the exact nature of the final form will depend upon the pH).

A global catalytic scheme is shown (Figure [43](#fig43){ref-type="fig"}), highlighting the several proposals and macroscopic mechanisms so far put forward.

![Catalytic mechanism for SOR O~2~^•--^ reduction, contemplating the two possible structures for T~1~ and the two mechanisms involving one or two macroscopically observed intermediates.](cr-2013-005296_0055){#fig43}

### 7.5.4. Role of Specific Amino Acid Residues {#sec7.5.4}

The role of two quasi-conserved amino acids has been analyzed in terms of their influence on the catalytic mechanism and assessed by the construction of site-directed mutants or by studying the few examples of naturally occurring enzymes lacking these residues: the glutamate ligand (E12 in *A. fulgidus* 1Fe-SOR, E47 in *D. vulgaris* 2Fe-SOR), and the lysine of the motif −(E)(K)HVxP-- (K13 in *A. fulgidus* 1Fe-SOR).^[@cit372b],[@cit372c],[@cit372e],[@cit372g],[@cit372h],[@ref383],[@cit385e]^

Initially, the glutamate was proposed to assist the release of the product from the catalytic site or to be involved in some proton transfer events. However, all available data revealed that its substitution (natural or artificial) did not lead to any measurable difference in the rate constants. It was also proposed that the glutamate would function to "cover" or protect the active site of the Fe^3+^ enzyme, against binding of exogenous anions. This is a point that must await further investigation.

The other kinetically important amino acid is the lysine located at the amino acid stretch −(E)(K)HxP--. Initially it was thought that the lysine contributed to the positive surface charge near the active site and thus was responsible for the high, diffusion-limited rate constant for binding of the anionic substrate. However, except for the *D. baarsii* SOR lysine mutant, which showed an approximately 10-fold decrease of the rate for formation of the first intermediate in the absence of the lysine, essentially no change was observed for the other enzymes with the lysine absent. These differences may reflect the presence in some SORs of sufficient residues to compensate for the absence of the lysine.^[@cit372c],[@cit372g],[@ref383]^

A more interesting hypothesis is that the lysine, upon detachment of the glutamate, would acquire a position that allows it to stabilize the hydroperoxide ligand, either directly or through water molecules, and would also facilitate the protonation of the hydroperoxo (by acidifying the water molecule). As just mentioned, the distinct results found for different enzymes are inconclusive in this respect, or, as it so often occurs, the enzymes are particularly robust for those single amino acid changes.

7.6. Physiological Electron Donors -- Reductive Path {#sec7.6}
----------------------------------------------------

It was initially assumed, due to the genomic organization, that rubredoxins would be the ultimate electron donors to the superoxide reductases.^[@ref394]^ In fact, in several cases, and irrespective of the gene's organizations, rubredoxins (or even desulforedoxin) were shown to donate electrons efficiently to SORs (with second-order rate constants in the order of 10^6^--10^7^ M^--1^ s^--1^, or higher).^[@cit372f],[@cit384a],[@ref395]^ However, it is now known that many organisms having SORs do not contain in their genomes, at least as much as it has been explored, genes coding for rubredoxins/desulforedoxins, indicating that other types of electron donors must exist in those organisms. Furthermore, those electron donors have, in turn, to be reduced by other enzymes, and it is generally thought that this may occur at the expense of NAD(P)H oxidoreductases.

7.7. SORs versus SODs {#sec7.7}
---------------------

SODs are found in all types of living organisms, from simple microbes to humans; this conservation by itself reflects its fundamental role in our present day oxygen-rich world. SORs, by contrast, have so far only been found in prokaryotes, Bacteria and Archaea, and recently in unicellular eukaryotes. Can we say from this for sure that SORs constitute crude, ancient systems for superoxide detoxification? Or are they just examples of natural variability? At this point, an answer to this question would be purely speculative.

The major physiological differences stem from the fact that SODs are stand-alone enzymes, using two successive reactions with the substrate for cycling the enzyme back and forth, while SORs have to rely on one or (possibly) two accessory proteins to be fed with electrons from NAD(P)H. Although SODs consume two superoxide anions per reaction cycle, and SORs only one anion molecule, in SORs there is a simultaneous consumption of NAD(P)H, therefore diminishing the overall negative redox status of the cell, which will, ultimately, also reduce the intracellular superoxide production. Moreover, the SODs produce potentially toxic O~2~ as a product, while the SORs do not.

Thermodynamically, SORs and SODs have the adequate reduction potentials to oxidize and reduce the superoxide anion. Why then do SORs have SOD activities about three orders of magnitude lower than those of SODs? This remains an intriguing question, because even the enzymes (wild type, like the one from *N. equitans*, or the several glutamate mutants studied) that lack the glutamate ligand to the Fe^3+^ form have an activity not much higher than those having it.

Much has been learned already about these fascinating fast enzymes, but several relevant questions remain to be addressed, such as the transcriptional regulation of these "novel" enzymes and the in vivo metalation processes. Finally, will other ROS scavenging systems, in addition to SODs and SORs, be discovered in the future, through the increasing genome sequencing and biochemical progress, as a result of the tremendous diversity of life?

8. Conclusions {#sec8}
==============

The historic discovery by McCord and Fridovich in 1969 of the first SOD enzyme marks the beginning of our appreciation of the significance of ROS in biological oxidative stress and signaling and of the importance of diverse antioxidant systems to modern aerobic life. The fact that four evolutionarily unrelated metalloenzymes arose to protect organisms against O~2~^--^ toxicity, that is, NiSOD, Fe/MnSODs, CuZnSOD, and SORs, provides excellent examples both of convergent evolution and of nature's ingenuity (in a Darwinian and a non teleological sense). These efficient and robust systems allowed life to continue developing after the Great Oxidation Event occurred on early Earth, by combating the products of noncontrolled and incomplete O~2~ reduction.

Interestingly, there are some striking similarities in these four very different enzymes, which are certainly a consequence of the reactions catalyzed. Their reduction potentials all fall between the potentials for one-electron reduction of O~2~ and one-electron reduction of O~2~^•--^. Binding of O~2~^•--^ by the enzymes occurs by either inner- or outer-sphere mechanisms (this, in some cases, is still a matter of dispute), and the rate constants are extremely high, close to the diffusion limit. They all reduce O~2~^•--^ to H~2~O~2~ selectively through the redox chemistry of the metal ion at each active site. Reactions of SOD and SOR enzymes also involve redox coupled structural changes, including ligand dissociation (SORs, Ni- and CuZnSODs), and proton-coupled electron transfer. It also appears that two similar strategies developed to "attract" the substrate: a positively lined channel in CuZn- and Fe/MnSODs, and a positive surface charge around the solvent exposed active sites of SORs. Although the NiSOD active site is also solvent exposed, the surface surrounding it does not show significant positively charged areas.^[@ref88]^ All sites are also accessible to protons, either by channels or from water molecules close to the metal sites.

The rise of O~2~ on Earth is one of the better-understood examples of the intimate two-way relationship between life and its chemical context. A remarkable amount of O~2~-sensitive biochemistry survived and remains central to metabolism in aerobes in part because of the evolution of enzymes able to consume ROS with efficiencies that rank among the highest of enzymes. The diversity of the enzymes that arose to metabolize superoxide speaks to the urgency of the problems of biological oxidative stress and of the versatility of life. We look forward with great interest to future surprises as this fascinating story of O~2~ on Earth continues to unfold.
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